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Abstract 
 
Waste-to-energy technology addresses several societal concerns. It protects human health 
and the environment, treats waste and recovers material. It mitigates climate change by 
reducing the carbon intensity of energy generation whilst increasing energy security.  
Often, these multiple services are not sufficiently recognised. This thesis informs energy 
and waste management policy by characterising the benefits that can justify appropriate 
support to address the currently limited awareness. 
 
To investigate the greenhouse gas emissions, economic viability and energy efficiency 
potential, a model was created using performance metrics and, where possible, real plant 
data. Gasification, as a novel technology, was compared with incineration in combined 
thermal treatment scenarios. Anaerobic digestion was analysed independently. 
Gasification can achieve higher energy efficiency with lower carbon intensity and higher 
flexibility of location. At low levels of support gasification is less attractive than 
incineration; but more competitive with increased support similar to current levels. 
Without incentives for its electricity output, relying only on the price for carbon and high 
landfill tax, small-scale gasification would be ruled out. Commercial viability of anaerobic 
digestion is significantly influenced by support for its heat and electricity outputs. 
Particularly small-scale plants would not be viable without support or appropriate 
valuation of the multiple objectives they fulfil.  
 
Established waste management companies are necessary partners for new technology 
providers to access finance. Industrial interest in new technologies, however, is driven by 
their qualifying for support. Analysis shows that an efficiency-linked escalating reward 
could incentivise development and use of gasification (with combined-cycle gas turbine) 
instead of deployment of less risky but less efficient configurations.  An extended 
assessment framework was developed to recognise the contribution to resource 
effectiveness of waste-to-energy technology by characterising energy security (in size of 
the contribution and through abundant, negative-cost national feedstock); the 
contribution to renewable energy targets; the higher energy system resilience (through 
increased predictability, variety, disparity and balance); and lower carbon intensity of the 
economy. 
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1  Introduction 
 
The thesis investigates the merits of recovering energy and materials from waste with 
existing and novel techniques in the UK. In particular, it evaluates the financial viability, 
environmental performance and pre-conditions for deployment of anaerobic digestion of 
biodegradable waste as well as for gasification as compared to combustion (i.e. 
incineration).  
1.1 Background and justification 
 
It was noted during this research that material and energy recovery from waste is a way 
to minimise the entropy of economic activity. It has the potential to reduce virgin 
material and fossil fuel extraction, while the energy obtained displaces conventional 
fossil-fuelled energy generation. In fact, the waste industry now considers itself as a 
potential reducer of greenhouse gas (GHG) emissions, and thinks that its activities 
represent an opportunity “which has yet to be fully exploited” (ISWA, 2009).   One of 
the premises of the work is that in addition to decreasing overall carbon emissions, 
several additional macro-economic benefits could accrue although they have remained 
neglected and understudied. The following non-exhaustive list presents some benefits of 
recovering energy and materials from waste: 
 Treatment prevents waste from becoming a human health or environmental hazard 
 Recovery of material in various grades  
 Avoided virgin material extraction  
 Recovery of energy from the non-recoverable material fractions 
 A predictable, unavoidable, secure and steady supply of feedstock and energy  
 Domestic waste-derived energy contributes to the displacement of imported fuel 
 Waste-derived energy increases diversity of sources and energy system resilience 
 Over half of the content of MSW is biogenic and the energy recovered from it is 
renewable. 
 
In recognition of current energy and climate change challenges there are EU and UK 
statutory requirements to reduce greenhouse gas emissions, produce renewable energy, 
increase security of energy supply, divert material from landfill and increase material 
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recycling.  Part of the motivation for this thesis is that novel waste-to-energy (WtE) 
technology addresses all of them. 
 
1.1.1 Evolution and relevance of resource effectiveness 
 
A loss of perceived value1 ensues after extracting the expected utility of a material or 
good (Hahn, 2004), thus waste arises at the point of the perceived loss of value and the 
turning into a burden.  The concept of resource effectiveness, however, is not new. 
There have been examples of the use of bone rests as fertiliser and similar ideas leading 
to an element of recovery and recycling for a long time (Mahon, 2011). As opposed to 
efficient material use for a single purpose, the notion of resource effectiveness proposed 
in this work implies the process of also expanding the life cycle of retained material or 
even the inclusion into another cycle for an additional purpose. Historically, waste2 
management consisted initially on disposal, then, with the realisation that increasing 
quantities of waste pose a more significant health and environmental hazard, volume 
reduction, then more pronounced material recovery and then energy recovery with 
increasing efficiency.   More recently, decisions on how to treat materials are increasingly 
determined by perceived resource scarcity (Butler et al., 2011) and internationally 
recognisable societal pressures (ISWA, 2009).  
 
Evaluating the financial viability of energy and material recovery entails several 
methodological challenges. Ideologically, it has a similar difficulty as renewable energy 
projects, whereby all costs accrue to the individual installation where as some of the 
benefits accrue to society at large. Hence, broad cost-benefit analyses for waste 
management facilities, for material and recovery processes and for other renewable 
technology must consistently include all the elements related to all policy priorities. 
Further consideration is given to this inclusive evaluation in Chapter 7. 
 
                                                        
1 The literature on broader archaeological and anthropological aspects of waste along human 
development is not covered in the boundaries of the thesis. Some current anthropological aspects 
were covered in the EPSRC SUE Waste project referred to in Chapter 4 
2 The wording ‘discarded material’ is used primarily when referring to legal terminology. The 
wording ‘waste’ is used throughout often covering as well the almost interchangeable concept of 
‘refuse.’  
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1.2 Problem definition  
Separate fields of action 
Supplying secure energy and keeping the immediate environment clean have traditionally 
been two separate, intentionally unrelated fields of action. As summarised by a senior 
member of an industry association who chose to remain anonymous “some waste 
managers have engaged in energy generation, no energy generators have engaged in 
managing waste other than accepting a recovered product as fuel” (see Chapter 6).   The 
technology and policy of energy provision only started targeting efficient use of resources 
to any significant effect relatively recently.  The technology and policy of waste 
management has traditionally focused on disposal, as the name implies, starting to target 
energy and material recovery approximately since the late 1960s. Both sectors only 
started acting in respect to climate change in the last two decades prompted by regulation 
and international developments such as the commitments to the United Nations 
Framework Convention on Climate Change.  A natural separation of disciplines has 
persisted because the pressures that drive efforts to safeguard a continued, 
environmentally effective energy supply and to address problems with discarded noxious 
material differ in scale, location, timeframe and political attention.  Section 2.4.3 discusses 
the functional differences that have made waste and energy two naturally separated 
sectors with specific stakeholders, who have had a limited number of attempts at joining 
objectives and resources. 
 
Potential acknowledged only recently 
Domestic sources of clean, renewable energy technologies have gradually started to 
improve self-sufficiency and sustainability; notably biomass, wind and hydroelectric 
technology making up the majority of that generation. Heat, electricity and transport fuel 
from biodegradable waste offer the benefit of approaching carbon neutral energy, as the 
feedstock would have absorbed the carbon from the atmosphere and will continue to do 
so in subsequent cycles. This system also returns some or all nutrients to natural cycles 
particularly through biological treatments.  Energy recovery from the high-calorific value, 
non-renewable waste sub-stream offers the promise of enhancing energy security 
providing an extended life-cycle to resources already used once as well as avoiding 
extraction and combustion of dedicated fossil fuels. Policy is still being re-shaped in an 
attempt to realise this potential. 
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Developing an interdisciplinary approach to enhance existing links between waste-to-
energy and renewable energy technology has the potential to create a positive symbiosis.  
Urbanisation of the world’s population is exacerbating the problems outlined above. It 
will become imperative to turn part of them into opportunities to extend material life 
cycles, to avoid environmentally disruptive extraction of materials whilst mitigating 
climate change and improving supply security all along. This study examines this 
potential and its preconditions.  
 
Time-lag and time pressure for action 
There is a significant time lag of delivery that will likely elapse before the technology that 
can deliver the desired benefits can fulfil its potential if expected to become economically 
attractive leaving market forces alone to gradually move it down its cost curve. Because 
of the normal length of industrial plant renewal cycles, this time-lag can stretch to over 
one half of a century (Von Gleich, 2007). For the two priorities of carbon emissions 
abatement and energy security this time lag compromises the achievement of the 
associated national commitments such as the budgets produced by the UK Climate 
Change Committee (CCC, 2010).  These commitments are an important part of the 
justification for strategic support, as it is not realistic to expect development in the 
timescales that market forces took to generate the dominant designs of the current 
transport, energy and manufacturing practices, which in the case of the motor car for 
instance has been slightly longer than a century.  
 
Statements of macro-economic challenges  
i) While waste arisings grow modestly or stabilise, the amount that must be diverted 
from landfill increases significantly. 
ii) Waste treatment is both indispensable and at the same time politically sensitive 
due to disamenities.  
iii) Energy needs are rising internationally. 
iv) Rising marginal abatement costs, as the easiest solutions have already been 
implemented 
v) Waste-derived energy is relatively small and of little interest to energy companies 
vi) The UK is increasingly reliant on energy imports. 
vii) Energy security is gaining prominence in national policy but not measurability. 
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viii) Renewable energy is desirable but it is still a significant macroeconomic task to 
support timely deployment commensurate with national policy aims.  
 
Figure 1.1 shows the different fuels used in electricity generation in 2009. To illustrate 
the importance of energy security, it is worth noting that in that year 45% of electricity 
was produced from gas, of which the UK has been a net importer since the middle of the 
previous decade. Energy security will be discussed in detail in Chapter 7 
 
 
 
Figure 1.1 Breakdown of UK electricity generation by fuel in 2009 
Source: Adapted from DECC (2010a) 
 
Examples of statutory requirements in response to the challenges 
i) Reduce GHG to reach a reduction of 80% by 2050 relative to 1990 (CCC, 2009)  
ii) Reduce biodegradable waste landfilled by 65% relative to 1995 by 2020 (Butler et 
al., 2011) 
iii) Generate 15% of all UK energy from renewable sources by 2020 (EU, 2009) 
iv) Continually increase energy security (DTI, 2007a) 
 
1.3 Research aim  
 
The aim and objectives have been designed to investigate the potential of existing and 
new technologies under different levels of policy support. The overarching aim is to 
demonstrate the advantages of waste-to-energy technology that contribute to national 
resource effectiveness and justify support for their development and deployment.  
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The following objectives have been designed to achieve the aim:  
 
1. Create a techno-economic framework suitable to study the environmental and 
economic merits of waste-to-energy  
2. Analyse the ability of biological and advanced thermal treatments to meet policy 
objectives  
3. Characterise the promises and limitations of novel technology and propose a 
framework of criteria or pre-conditions to facilitate the deployment waste-to-energy 
technology  
4. Use knowledge generated to evaluate the suitability of energy policy to foster positive 
developments in waste-to-energy technology  
5. Identify implications for policy metrics likely to foster resource effectiveness 
strategies  
 
To guide the research to be able to meet the objectives the following research questions 
were formulated: 
 
1. What are the general promises and limitations of WtE technology? (Chapter 3) 
2. Under what policy conditions would biological and thermal treatment be widely deployed to recover 
energy from biodegradable waste? (Chapter 4 and Chapter 5) 
3. What market barriers or pressures still need to be overcome to deploy WtE? (Chapter 6) 
4. How can the framework for assessment of support be improved to consider the benefits of WtE? 
(Chapter 7) 
 
Each one of the questions is addressed in a particular chapter. The second question is 
addressed both in Chapter 4 and Chapter 5. 
 
The first part of the research, covered in Chapter 2, reviews the UK and European policy 
relevant to renewable energy and waste management and formulates a conceptual 
framework to organise the market actors and the pressures in the technology innovation 
and transition pathway. Chapter 3 then reviews the main characteristics of the technology 
identifying promises and limitations, which then help in developing targeted 
recommendations. 
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The second part includes techno-economic analysis and draws up a framework to 
organise the inputs, performance measures and outputs to study gasification (also 
referred to as advanced thermal treatment or ATT) compared to existing combustion (i.e. 
incineration) technology in Chapter 4. An additional version of the framework 
characterises the performance parameters of anaerobic digestion in Chapter 5. Both of 
these elements of the modelling framework have a special emphasis on the influence of, 
and impact on, policy development for the waste-to-energy technology. The performance 
level is modelled through scenarios developed specifically for these technologies and for 
UK feedstocks. They report on the three aspects of emissions, costs and efficiency. 
 
The third part consists of the stakeholder engagement process in Chapter 6, which aims 
to identify the market pressures and barriers to the deployment of waste-to-energy. 
Chapter 7 studies the unaccounted benefits of waste-to-energy technology that ought to 
be incorporated to extend the basis for analysis and comparison of the technology and to 
justify support. This part assists in gaining an understanding of the most important 
contributions that the technologies could make in environmental policy. 
 
Finally, Chapter 8 presents the conclusions on the overall findings, reviews the 
contributions of the thesis and consolidates the understanding gained into a series of 
offers recommendations for policy, technology proponents and for further research. 
 
The novelty of the research is the joint analysis of energy efficiency as well as exergy 
efficiency combined with emissions and economic viability, as existing studies tend to 
focus on one or a combination of two of these three aspects. It is also performed with a 
focus on UK conditions such as feedstocks and, where applicable, demographics. To the 
extent possible, real plant data were used to model performance: The Sheffield plant for 
combustion; the Ludlow plant for anaerobic digestion and, the only exception to UK 
data, an Italian gasification plant by Germanà. In addition, the stakeholder engagement 
phase provides a recent account of concerns and motivations of influential market 
participants who determine how technology deployment reacts to policy. All these 
insights combined with exergy analysis result in a brief recommended amendment to the 
ROCs policy. Finally, the matrix for inclusion in future analyses of the merits of waste-
to-energy contains a unique characterisation of the benefits that a double-purpose 
technology can give to the energy system in addition to increasing material efficiency. 
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1.4 Methodology 
This thesis consists of system analysis of the overlap of the energy and waste 
management sectors. By necessity, the objectives of each chapter and their intended 
contributions entailed very different research tasks. These, in turn, required different 
methods. A guiding list of methods by chapter is provided below and further information 
on each method is included in the corresponding chapter. 
 
Chapter 2 Literature review 
Chapter 3 Literature review, site visits, overseas research stay 
Chapter 4 Discounted cash flow analysis, GHG emissions analysis, industry 
collaboration and site visits. 
Chapter 5 Discounted cash flow analysis, capacity calculation, industry collaboration 
Chapter 6  Systems analysis, stakeholder mapping, semi-structured interviews, site 
visits 
Chapter 7 Literature review, systems analysis, GHG emissions analysis 
 
1.4.1 Scope 
This thesis concentrates on the immediate material and energy-system benefits of waste-
to-energy plants similar to the ones listed above. In-depth analysis of additional effects of 
recovery such as displaced water and chemical use through avoided extraction and 
production processes has remained beyond the focus of the research. 
 
The thermal treatment technologies studied are: 
 Moving grate incineration at 100 kilotonnes per annum (ktpa) throughput and at 200 
ktpa throughput; and 
 Fluidised bed gasification at the scales of 50 ktpa and 100 ktpa throughput, but has 
been modelled as a co-located facility using MBT as pre-treatment at the scales of 
100 ktpa  and 200 ktpa throughput as only a fraction of the material it processes 
becomes feedstock for gasification 
 
The biological treatment is: 
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 Anaerobic digestion in a wet, single-stage, mesophilic process used for the co-
digestion of food waste and green waste. 
 
Stakeholders interviewed are all UK-based, except for three academic interviewees, who 
are from continental Europe. In any case, the research remained UK-focused.  
 
The feedstocks for thermal treatments are unsorted MSW for incineration, solid 
recovered fuel (SRF) for gasification and MSW for MBT. The feedstock for anaerobic 
digestion is a mix of 90% food waste and 10% green waste.  
 
Base-case policy conditions correspond to incentives in force during 2010 and, where 
possible, sensitivity analysis reflects subsequent policy changes; nevertheless, policy in the 
two fields of energy and waste management is in a period of significant re-adjustment 
and creates a constantly changing environment from the perspective of investment in 
waste infrastructure.  
 
Some limitations of the research can be: 
The use of few specific technology examples. The priority here was to test the feasibility of what 
realistic designs can achieve.  Particularly for gasification, there is an abundance of 
technology proponents but they have the disadvantages of not being at demonstration 
stage or not being able to share confidential information. Their inclusion would have 
implied the use of a larger number of assumptions than in this study. For the objectives 
of this thesis the examples provide satisfactory, consistent data that can be updated in 
future projects when more companies reach a similar stage.   
 
An unstable, rapidly evolving context. The UK has made significant progress in waste 
management. It has gone from being among the countries with the highest rate of landfill 
to  having significant recycling rates in a short time. In renewable energy terms, climate 
change and energy security are enough impetus to keep a national policy system in 
constant evolution. The combination of these two trajectories makes the waste-to-energy 
niche a somewhat uncertain and rapidly changing field. This makes static assessments, by 
definition, very difficult and part of their value resides in their ability to be updated.     
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Data scarcity and commercial confidentiality. cost and service price data are not easily available, 
particularly for configurations that could be attractive at several scales and with higher 
efficiencies but are not demonstrated or widely offered. It would also be of value to 
pursue data updates in future projects. 
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2. Energy and waste management policy  
 
2.1 Introduction to policy and conceptual framework 
This chapter reviews the extent to which sectoral policies address the overlap between 
waste management and renewable energy. Since the early 2000s many major changes 
have been occurring in UK energy and waste management policy.  Considering the pace 
at which they take place, they can be perceived as having imparted a different level of 
momentum to competition, technological change, political sensitivity and boundary 
definition. Instruments such as the incentives for renewable energy from waste are 
forcing changes to the established bounded rationality in the waste management and 
energy industries (see Section 2.4.1).  The review helps to reflect on how to maximise 
environmental benefit. It lays the foundations for strengthening the link between the two 
regimes whilst highlighting the challenges to a more integrated view. The policy overview 
in this chapter underpins the economic analysis presented in the investigation of thermal 
and biological treatments in Chapters 4 and 5 respectively. It is also the basis for further 
analysis of market pressures in dealt with in Chapter 6 and future policy implications 
studied in Chapter 7. Parts of the policy review presented in this chapter have been 
published in Castillo Castillo et al. (2009). 
 
2.2 Waste management policy  
This section presents the international context which underpins the development of UK 
waste management policy. It provides an overview of the resulting instruments 
accompanied by short discussion. 
   
Three motives have been distinguished behind the development of modern waste-
management policy. First, the protection of human health as reflected in historical 
developments such as the Public Health Act of 1875 and numerous subsequent 
regulations. Second, impacts on the natural and built environment have become 
prominent mainly through the immediacy of waste management externalities. The odour, 
visual intrusion and noise from collection, transport, treatment and disposal operations 
have increased public awareness. This awareness, however, has increased participation, 
e.g. in recycling, as well as opposition to large scale treatment facilities (Wilson, 2007). 
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The third motive is climate change, which has permeated all levels of international and 
national policy making, as exemplified in the policies to restrict disposal to landfill of 
biodegradable matter, as an important source of methane emissions, such as the Landfill 
Directive (EC, 1999) and policies to incentivise renewable energy recovery from waste 
such as the Renewables Directive (EU, 2009). 
 
Apart from the established motives, resource scarcity seems to be only starting to 
become appreciated more widely. The observation during this research has been that it is 
not only awareness of resource scarcity that is increasing, but also the price rises for 
several materials and consumer goods are a proxy creating awareness; for instance, the 
UK Cabinet Office (2008) alerted the public to the fact that households spend in average 
£420 per year on food that becomes wasted. The same report points out that widespread 
concern about higher food prices in the UK seems ironic in light of the generation of 4.1 
million tonnes of food wasted annually.  As a logical progression, waste policy has 
evolved to shift emphasis from disposal to resource-efficiency driven treatments. 
 
UK waste policy consists of the transposition of the relevant European directives and the 
creation of dedicated regulations and incentives according to the subsidiarity principle. 
UK devolved governments also produce their own version of transposed legislation. This 
thesis focuses on the transposition of regulations as applicable to England (or England 
and Wales). A summary of the main directives and respective UK legislation is presented 
in Annex 1 The following sub-section presents a brief overview of relevant European 
directives. 
 
2.2.1 European and UK waste-management policy 
 
UK treatment and disposal-oriented policies: 
The Waste Framework Directive. The Waste Framework Directive 2008/98/EC (WFD) 
repealed Directive 2006/12/EC on waste, Directive 91/689/EEC on hazardous waste, 
and the waste oils Directive 75/439/EEC. It sets forth the requirements to manage 
waste in a way that does not endanger human health, does not use processes which could 
harm the environment and does not cause nuisance through noise or odours.  The WFD 
harmonises definitions applicable to most stakeholders in the life-cycle of waste; explains 
the objectives of the European Union (e.g. encouraging the use of recovered materials); 
  32  
highlights underlying principles and defines exceptions. It excludes substances that are 
regulated elsewhere such as gaseous effluents emitted to the atmosphere, radioactive 
waste, waste from the extraction, treatment and storage of mineral resources, waste water 
(different from waste in liquid form), decommissioned explosives, etc. For an exhaustive 
list of the contents of the WFD and the transposition dates by article see Waste 
Framework Directive Unit (2008); for a thorough description, however, it is best to refer 
to the WFD itself.  
 
One of the main targets introduced by this revised WFD is the requirement to recycle 
50% of household waste by 2020. A few examples of other important elements of the 
WFD (relevant to resource efficiency but not directly shaping this research) are: 
 The waste hierarchy (Article 4) 
 The end-of-waste criteria (Article 6) 
 Extended producer responsibility (Article 8) 
 The proximity principle and the self-sufficiency principle (Article 16)  
 
One objective of the WFD of particular relevance to this work is to elucidate the 
distinction between disposal and recovery. The 'energy recovery' status can be obtained 
in compliance with the R1 formula, which came into force in December 2008 and 
stipulates the minimum efficiency for the recovery of heat and power.  The implications 
of this parameter are addressed in Chapter 7. 
 
In terms of biodegradable waste, it is acknowledged here that its management is a 
complex area related to the work of several government departments with responsibility 
for food security, renewable energy, soil, climate change and water supply (Defra, 2011).  
Work on biodegradable waste in this research is concerned with provisions made in the 
Waste Framework Directive, the EU Animal By-Product Regulations 1069/2009 and in 
renewable energy policy. It is not concerned with regulations such as the Urban Waste 
Water Treatment and the Sewage Sludge Directives. 
 
The Landfill Directive. Policy developments favourable to diversion from landfill have been 
taking place across Europe since the early 1990s (Castillo Castillo et al., 2009). In 
Sweden, producer responsibility was introduced in 1994 to promote recycling; the 
Swedish landfill tax was introduced in 2000; landfilling of sorted combustible waste was 
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banned in 2002 and landfilling of organic waste was banned in 2005 (Björklung and 
Finnveden, 2007).   
 
The EU Directive on the Landfill of Waste (99/31/EC) defines limits on the amount of 
biodegradable municipal waste that can be disposed to landfill. It also stipulates a 
requirement for pre-treatment of all wastes before disposal to landfill.  Although the 
directive does not dictate how biodegradable waste should be treated, it provides a 
significant driver for the development of biological treatments with and without energy 
recovery. By setting the timing of the decreasing allowances of biodegradable waste to be 
landfilled, the directive provides the main stimulus for the introduction of alternative 
technology.  The limits of the proportion of BMW sent to landfill, the compliance years 
and the equivalent tonnage to be diverted from landfill by the UK3 are summarised in 
Table 2.1. It is worth noting that in 2010 the definition of BMW was revised to include 
material previously classified as commercial and industrial waste. This revision increased 
substantially the tonnages that must be diverted (Butler et al., 2011). 
  
Compliance 
year 
Landfill Directive  
reduction targets 
Previous 
diversion target 
(million tonnes) 
Revised 
diversion target 
(million tonnes) 
2010 35% of that landfilled in 1995 13.7 26.8 
2013 50% of that landfilled in 1995 9.1 17.8 
2020 65% of that landfilled in 1995 6.3 12.5 
 
Table 2.1 Limits on the landfilling of biodegradable municipal waste. 
Source: Adapted from Butler et al., 2011 
 
To comply with landfill diversion targets, the UK government introduced the landfill tax 
escalator, which has been included in this work, increasing landfill tax amounts from 
£32/tonne of active waste in 2008/09 to £40/t in 2009/10 and £48/t for 2010/11.4 The 
                                                        
3 According to the Landfill Directive the UK was among the countries that put more than 80% 
of MSW to landfill in 1995 or for which no suitable data were available for 1995. The original 
compliance years were 2006, 2009 and 2016. 
4 These are the values included in this research. For future reference, increases of £8 per tonne 
per year for active waste were announced from 2008-09 to at least 2013 and they are reflected in 
Notice LFT1 (April 2011) and correspond to changes in Landfill Tax (Qualifying Material) Order 
2011.  The foreseen values for subsequent years are: £56 for 2011/12; £64 for 2012/13 and £72 
for 2013/14 and £80 from 2014/15 until 2019/20. 
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landfill tax is one of the main factors that led to the overall decrease in waste landfilled 
from 96 million tonnes in 1997/98 to around 72 million tonnes in 2005/06 (Defra, 
2007a).  Similar to the experience in Denmark and the Netherlands, the increase in the 
landfill tax is proving an effective driver in diverting waste and biodegradable waste from 
landfill (Tunesi, 2010). 
 
The landfill allowance trading scheme (LATS) was launched in April 2005. Unlike landfill 
tax, which applies to all kinds of active waste, the LATS concerns only biodegradable 
municipal waste (BMW) (Tunesi, 2010). It consisted of decreasing permissible tonnages 
of BMW to be disposed to landfill for local authorities, which was linked to the targets of 
the landfill directive5. Authorities were allowed to meet up to 5% of their allowance by 
borrowing from subsequent years as well as to bank surplus allowances for future years. 
The penalty for each tonne exceeding the allowance was £150 (UK Trade & Investment, 
2008; Castillo-Castillo et al., 2009). Two factors undermined the effectiveness of this 
measure: the escalating value of landfill tax became the predominant driver in local 
authority decision-making; and large-scale projects in a few authorities led to the collapse 
of the value of tradable allowances to around £0.10 in 2008/09 (Tunesi, 2010; Riley, 
2011).   
 
Industrial Emissions Directive.  The Industrial Emissions Directive 2010/75/EC repealed 
and consolidated the Waste Incineration Directive 2000/76/EC along with the Large 
Combustion Plant Directive 2001/80/EC and the IPPC Directive 2008/1/EC. The 
purpose of the directive is to harmonise where possible the regulation of pollutant 
emissions across a variety of sources. For instance, the directive addresses the previously 
unequal treatment in European policy of electricity generated from fossil fuels and 
electricity generated from waste. This was illustrated by the example from the 
Netherlands, where sulphur emissions from coal-fired plant were limited to 133 mg/Nm3 
while the limit was 40 mg/Nm3 for waste-combustion plants for the same pollutant 
(Siemons, 2002).  
 
Lack of public acceptance is one of the strongest barriers to deployment of waste 
management infrastructure, particularly medium and large-scale combustion. Location of 
                                                        
5  It was confirmed in the Government Review of Waste Policy in England 2011, after most of 
this research had already been carried out and published, that LATS will be removed from the 
policy portfolio of the waste management sector. 
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residual waste combustion installations in the vicinity of conurbations has always been 
controversial. Its opponents generally argue that it destroys natural resources, 
undermines recycling by requiring a steady stream of waste and causes pollution from 
toxic ash and emissions to air. The main concerns have been in connection with dioxins 
emissions. However, research commissioned by the government found that MSW 
treatment accounts for only about 1% of UK emissions of dioxins, accounting for an 
approximately equal split between incineration and emissions from burning landfill gas 
(Defra, 2004). Although they are important subjects that deserve attention in their own 
right, detailed public health, collective psychology and public preference analyses are 
beyond the scope of this thesis. 
 
UK recovery-oriented policies. To help overcome difficulties of acceptance of the uptake of 
recovered biological material, the Waste and Resources Action Group (WRAP) 
developed two important publically available specifications (PAS): 
 PAS 100. Defines the product characteristics for safe and good-quality compost. 
 PAS 110. Defines the product characteristics for safe and good-quality digestate.  
 
As for solid recovered fuel, a measure to homogenise the market, through the European 
Solid Fuel Association, was the production of a classification including chemical and 
physical characteristics of SRF for use in different industrial furnaces, grades range from 
SRF1 to SRF6 (European Solid Fuel Association, 2005). The success of these 
specifications is expected to take time before it can be objectively evaluated. 
 
The UK Aggregates Levy seeks to discourage the use of virgin aggregate, but its success 
depends on the effectiveness of standards and market efficiency (Defra, 2007b).  
 
2.3 Energy and climate policy 
The conventional view perceived during this research amongst a variety of stakeholders 
was that the energy obtained from waste is too small to make a difference. Chapters 6 
and 7 address that view relating to perceived scale and illustrate the need for a more 
holistic perspective. Waste-derived energy eases pressure off long transmission lines, 
reduces imports and all externalities of extraction, transport and final conversion of 
conventional fuels.  The recovery concept works towards improving the energy 
effectiveness of the economy reducing its carbon intensity. In the UK and elsewhere, 
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particularly for transition economies, the Kaya Identity (Kaya, 1990), shown in Eq. (1.1), 
is a useful framework to visualise where waste can become a macro-economic asset. By 
illustrating the elements of the overall carbon emissions of an economy it emphasises the 
interplay between: 
i) Productivity of the national population = GDP/Population 
ii) Energy intensity of national production = fuel/GDP 
iii) Carbon intensity of energy use = carbon/fuel 
Changes in these elements influence the emissions trajectory of the economy, which is 
identical to the multiplication of the elements. 
 
                             
   
          
   
    
   
   
   
    
 
Equation 2.1 The Kaya Identity 
 
Waste-derived energy and materials contribute simultaneously to the last three elements 
of the identity. In order of importance, however, they influence the following:  
i)  They definitely lower the carbon intensity of energy (fuels) used in the economy 
ii)  They reduce the amount of “new” fuel used in the economy: energy intensity of GDP 
iii) They reduce the material intensity of national production thereby raising its 
productivity: GDP per capita. 
 
In climate change terms, ambitious UK government greenhouse gas (GHG) emissions 
reduction targets drive a need to increase the deployment of low-carbon technologies. 
The Kyoto Protocol (UN, 1998) stipulates a 12.5% reduction in GHG emissions relative 
to 1990 in the commitment period 2008–2012. In response, the UK government 
committed first to achieving 60% reductions by 2050 (DTI, 2003). Then the Climate 
Change Act 2008, increased the legally binding target reduction of GHG emissions to 
80% by 2050 (OPSI, 2010). This increase puts pressure on both energy intensity of the 
economy and carbon intensity of energy use explained above. 
 
2.3.1 European and UK renewable energy policy 
 
Renewables Directive.  The Directive 2009/28/EC on the promotion of the use of energy 
from renewable sources amended and repealed Directives 2001/77/EC and 
  37  
2003/30/EC. This directive sets statutory targets for Member States on the proportion 
of renewable sources in gross final energy consumption as well as the proportion of 
renewable sources in transport (EU, 2009).  The target of renewable sources constituting 
at least 10% of energy used in all kinds of transport by 2020 applies to all Member States. 
By contrast, targets for the proportion of energy from renewable sources in gross final 
energy consumption vary by Member State (EU, 2009).   Butler et al. (2011) pointed out 
that the target for the UK – 15% of all energy must be renewably-derived by 2020 – 
requires a seven-fold increase in renewable energy consumption by 2020 relative to 2008. 
 
Renewable Obligation Certificates  The Renewables Obligation Order (RO) was the response 
to the requirement of Renewables Directive to introduce a scheme to guarantee the 
supply of a rising percentage of renewable energy. The RO is planned to last until 2037 
(DECC, 2010a). Renewable Obligation Certificates (ROCs) are the means for 
distributors to prove the proportion of renewably generated electricity in their portfolio 
(BERR, 2007).  Suppliers must either possess sufficient renewable obligation certificates 
to certify the proportion of renewable electricity that they have procured, or pay a 
penalty ‘buy-out’. The buy-out price gives renewable electricity a premium on its price, 
which gives an additional source of income per MWh for the generators. Each year the 
price changes according to availability of ROCs (Defra, 2005). The UK government 
(DTI, 2007a) decided to introduce the banding of technologies within the RO system to 
distinguish, from 2009 onwards, between technologies that are considered: 
(a) established (e.g. landfill gas) and which might attract only 0.25 of a ROC/MWh 
(b) reference (e.g. co-firing of energy crops) attracting 1.0 ROC/ MWh 
(c) post-demonstration (e.g. dedicated regular biomass) with 1.5 ROCs/MWh 
(d) emerging (e.g. gasification and pyrolysis) with 2.0 ROCs/ MWh. 
 
The objective of building scenarios with varying levels of support in Chapters 4 and 5 is 
to illustrate the impact of support on viability, which will inform policy makers about the 
helpfulness of the instruments.  
 
Climate Change Levy. The Climate Change Levy (CCL) was introduced in April 2001 and is 
a tax payable by electricity suppliers (Ofgem, 2008). For example, the value of the levy 
for the year 2009-2010 was £4.7/MWh (HMRC, 2009). Levy Exemption Certificates 
(LECs) are issued to generators using renewable sources; MSW-derived energy is 
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assumed to be 50% renewable, unless the generator applies for a revision of this 
proportion (Ofgem, 2008). As the value of the tax is small compared to the value of 
electricity or ROCs, the levy exemption is considered to be of the order of 5% of the 
total renewable electricity revenue (FIM Services, 2010). 
 
Feed-in Tariffs.  At the time of writing and up to submission for publication of the techno-
economic analysis part of this research, the only available renewable energy support in 
force was through ROCs. Other instruments were at different stages of the policy 
deliberation process. The scenarios and sensitivity analyses in the techno-economic parts 
were designed to account for variations in support. These scenarios are intended to 
reflect the main impacts of having the level of support provided at the time of writing 
and of having other levels of support with the same or different instruments. Additional 
instruments, i.e. Feed-in Tariffs (FITs) only became available subsequently, when the 
work in research was dealing with stakeholder engagement and implications for a wider 
framework for evaluation. Description of FITs is included here mainly to provide the 
complete context. 
 
Whilst ROCs are variable price, fixed quantity instruments, FITs are fixed value, variable 
quantity instruments. Whilst ROCs are intended to support large generators, FITs are 
intended for generators with less than 5 MW of capacity. Although anaerobic digestion is 
eligible for FITs, thermal treatments are only eligible for ROCs support (DECC, 2011a).  
AD plants of less than 5MW are eligible for support with a duration of 20 years. The 
level of support through FITs depends on plant scale as follows (NNFCC, 2011)6: 
 Facilities of less than or equal to 250kWe are entitled to 14 p/kWh 
 Facilities of between 250 and 500kWe are entitled to 13 p/kWh 
 Facilities of greater than 500kWe are entitled to 9.4 p/kWh 
 
Renewable Heat Incentive.  Heat represents 47% of the UK final energy consumption and 
only 1.5% is derived from renewable sources, which warrants a significant, urgent change 
in this sector. To achieve the target in the Renewables Directive, the UK government set 
itself the target of deriving 12% of heat from renewable sources by 2020 (DECC, 2011b).  
The Renewable Heat Incentive entered into force in August 2011 and is similar to a tariff 
                                                        
6 A review of FITs is being undertaken and the consultation on revised FITs for AD will close on 
26 April 2012,  which demonstrates once again how rapidly policy is changing in this sector. 
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per unit of renewable heat output (CAT, 2011). For anaerobic digestion, plants 
completed after 15 July 2009 are eligible for the incentive with a duration of 20 years. 
The level of support for AD announced in the RHI policy document depends on 
technology and scale as follows (DECC, 2011b): 
 6.5 p/kWh for biogas combustion up to 200 kW scale 
 6.5 p/kWh for biomethane injection to the grid 
 
This tariff is multiplied by the number of kWh of heat output (i.e. excluding parasitic 
load), which is useful for space, water and process heating.  Unfortunately, the incentive 
for biogas-fired CHP plants will only be published closer to 2013, as it will depend on the 
Renewables Obligation review.  
 
For combustion plant, including CHP, the biomass fraction of MSW or MSW-derived 
SRF is eligible for RHI. The biomass fraction in MSW is assumed to be 50%, unless a 
higher content is proved by plant operators. Levels of support for combustion are 
presented in Table 2.2. 
 
Scale RHI Tariff  (p/kWh) 
Less than 200kWth 
Tier 1 
7.6 
Tier 2 
1.9 
Between 200kWth 
and 1000kWth 
Tier 1 
4.7 
Tier 2 
1.9 
Larger than 
1000kWth 
2.6 
 
Table 2.2 RHI support for biomass fraction in combustion plant 
 
For gasification, when the biogas produced through it is combusted, the tariff will reflect 
the proportion of biomass in the source feedstock.  DECC (2011b) has set out to amend 
the definition of biogas to allow gasification to qualify for the same tariff as other gas-
producing technologies, e.g., anaerobic digestion. Therefore the tariff should be 6.5 
p/kWh but it will only be available for plants whose capacity is less than 200 kWth; 
DECC (2011b) considered that larger plants must operate as CHP and hence require less 
support. It is worth noting that RHI policy will be reviewed during 2012. 
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Two criticisms of the RHI policy document are:  
 Grid injection attracts the same tariff as heat from biogas combustion at small scales 
although DECC (2011c) calculates that only 46% of the gas flowing through the UK 
network is used for heat purposes whilst 34% is used for electricity and 20% for 
other purposes. The logic of delaying inclusion of biogas-fired CHP runs counter to 
the versatility of biogas (which is rewarded only when it is in the grid). From a long 
term technical evolution perspective, this distinction arguably favours the resilience 
of the established, fossil-fuel based infrastructure and neglects the demonstration 
benefits of distributed generation.7 This represents a disadvantage to anaerobic 
digestion.   
 Gasification qualifies only for small scale support, at the biogas tariff and for the 
biomass fraction in feedstock. The small scale rationale is that larger plants should be 
CHP and thus require less support. Nonetheless, incineration qualifies for large scale 
support although it includes CHP and is considered a proven technology. This poses 
a disadvantage to gasification. 
 
Renewable Transport Fuel Obligation.  The Renewable Transport Fuel Obligation (RTFO) 
requires suppliers of road transport fuels in the UK to include a minimum percentage of 
renewable fuels in their final supply. As long as it is derived entirely from biomass bio-
methane is eligible for Renewable Transport Fuels Certificates, for which distributors 
need to certify the amount of biofuels in their final supply. The value of such certificates 
including guaranteed buy-out and duty incentive was 30p in 2010/11 (NNFCC, 2011).  
As with other gaseous fuels, it is conceivable that the rapidity of deployment and uptake 
of this biogas exploitation route will depend on the deployment of distribution and 
refuelling infrastructure and the perception of consumers about their availability. 
 
 
                                                        
7 Use of biogas through the grid could have the potential to be more efficient than a distributed 
generation plant with a low heat-to-power ratio. But that would be predicated on two 
assumptions: That the gas is actually used for heat;  and that the boilers and heat distribution 
equipment in homes (which are to a large extent in sub-optimal conditions in most rented 
dwellings) is more efficient than the heat utilisation equipment in a commercially managed AD 
plant. 
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2.4 Challenges and opportunities of inter-sectoral policy 
 
2.4.1 Bounded rationality 
“It is good to look beyond inherent boundaries.” - Herbert Simon (Foxon, 2006). Most of the 
barriers to defining and solving environmental problems have to do with the limited 
perspective from the actors involved. Increasingly international material flows imply that 
more of the actors are increasingly removed from the impacts of their actions.  
 
Counter to the assumption that individuals and firms have perfect knowledge and 
unlimited ability to compute the implications of their choices, Herbert Simon in the 
1950s, structured the problem and referred to it as bounded rationality (Foxon, 2006). He 
also proposed to “replace the global rationality of economic man with a kind of rational 
behaviour that is compatible with the access to information and the computational 
capacities that are actually possessed by organisms, including man, in the kinds of 
environments in which those organisms exist.” Consequently, to be able to characterise 
the behaviour of actors Simon proposed the term ‘satisfice’ rather than optimise, which 
means that they seek satisfactory outcomes considering the information they have and 
their ability to estimate the consequences (Foxon, 2006).  Understanding these 
characteristics of bounded rationality helps to give structure to current difficulties in  
deriving the most benefit from waste-to-energy technology. These are addressed in 
Chapter 6 in the context of stakeholder engagement. 
 
The way bounded rationality prevents the waste management and energy sectors to 
deploy WtE technology becomes obvious to the focused observer. Typically, little 
emphasis has been placed on the contribution of waste within the modelling of energy 
systems for two main reasons (Münster, 2009): First, waste has been perceived to 
contribute only marginally to total energy generation; second, combustion had previously 
been the dominating WtE technology and the common decision has been between 
deploying incineration or a disposal treatment without energy recovery as opposed to 
evaluating different WtE technologies. The first is a common perception that needs to be 
put into context. For the case of the UK, this view is briefly questioned and addressed in 
Chapter 7.   
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2.4.2 The Multi-level perspective conceptual framework 
The Multi-Level Perspective (MLP) is an approach to structuring the influences and 
actions that shape technological evolution within a broad context. It aids understanding 
of the pressures that might prevent or accelerate WtE technology uptake. It also helps 
situate the stakeholder interactions (or lack thereof) between the waste management 
(WM) and energy sectors. Its basic structure consists of the main three levels: Landscape, 
regime and niche. 
 
The landscape level is concerned with the overall macro-economic context, in most cases 
represented by a national economy. It represents the broader political, social and cultural 
values and institutions that form the structural relationships of a society (Shackley and 
Green, 2007). The landscape evolves slowly and influences technical change through the 
main economic forces, political system and socio-cultural preferences, e.g. the growing 
understanding of the need for environmental protection. 
 
The socio-technical regime represents the meso level in the framework. It contains stabilising 
mechanisms such as incumbent infrastructure, regulations and standards as well as the 
vested interests of existing actors (Unruh, 2000). It consists of three elements (Geels, 
2005). In the example of the electricity regime: 
(a) A network of actors and institutions such as the utilities, DECC and large industrial users 
(b) Formal, normative and cognitive rules that guide actors: 
a. formal rules: regulations and standards 
b. cognitive rules: belief systems, guiding principles and search heuristics 
c. normative rules: role relationships and behavioural norms, 
(c) Material and technical elements such as fuel resources, the grid and generation plant. 
 
At the micro level the niche represents the opportunity for the initial applications for a 
given technology, for instance in areas where technical characteristics are especially 
advantageous, also sometimes receiving support through, e.g., a performance standard 
(Geels, 2005). Such conditions, e.g. protection, enable users and producers to engage in 
cost-reducing learning processes and to build supply chains and other supportive 
networks.  
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The MLP is of interest for this research on the conditions of the uptake of WtE (through 
the WM and the energy regimes) because it helps to study the interactions between 
niche-innovations and existing regimes within the wider context  as exemplified in 
Verbong and Geels (2007). They explain how the relationship between the three levels of 
the MLP is a ‘nested hierarchy’ in which innovators work on novelties that usually 
happen within niches. The initial difficulty for innovations is that existing regimes are 
entrenched; therefore transitions “only come about when developments at all three levels 
link up and reinforce each other” (Verbong and Geels, 2007). A non-exhaustive 
summary of elements of the MLP that helps to visualise how it is a useful framework to 
study WtE technology is presented in Table 2.3.  
 
 
Waste management 
regime 
Regime-regime 
overlap 
Energy regime 
Landscape 
UK economy, UK geographical boundaries, natural resources and built 
environment 
Regime 
Defra, EA, WMCs, 
households, LAs 
Most actors of both 
regimes 
Utilities, Ofgem, 
DECC, grid, tech 
proponents 
Niches 
Glass recycling,  
industrial waste 
reprocessing, 
BMW-biogas-CHP; 
MSW+C&I-CHP;  
SRF-CHP; 
SRF-industry 
Nuclear power, tidal 
energy 
 
Table 2.3 Elements of the MLP in the context of waste-to-energy technology 
 
Studying the connecting property of WtE technology between the energy and waste 
management regimes, improved understanding of the opportunities for co-evolution. At 
landscape level, climate change regulation has provided urgency for both regimes 
reflected, e.g., in UK regulations to comply with the landfill directive and the renewables 
directive. At the regime level, it seems that WtE deployment can be fostered more 
forcibly by renewable energy incentives than by waste management planning alone 
(Tunesi, 2010).   In the form of upward influence, increased efficiency of energy recovery 
in the WtE niche has begun to have a significant impact in the renewable energy regime 
(see Chapter 7).  As a result, gradual replacement of the previous volume reduction and 
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disposal-oriented techniques, the transition to WtE resembles the transition that Geels 
and Schot (2007) termed Reconfiguration Pathway shown in Figure 2.1.  It is important to 
observe from the figure how landscape-level pressures such as climate change and 
diminishing reserves of domestic conventional fuels give rise to regime-level changes, e.g. 
the creation of the Department of Eenrgy and Climate Change, DECC, and the 
Committee on Climate Change, CCC, as well as the increase of landfill tax; and these give 
rise to niche innovations to start maturing until they are able to replace previous elements 
of the regime. 
 
 
 
Figure 2.1 Reconfiguration pathway 
Source: Geels and Schot, 2007 
 
The MLP has helped to focus the efforts in analysing relevant relationships throughout 
this thesis as follows: 
 Dynamics of networks of actors:  Studied in Chapter 6 (stakeholder engagement) 
 Dynamics of rules:  Studied in Chapters 2 (policy review), 6 and 7 (implications for 
policy) 
 Dynamics of technologies:  Studied in Chapters 3 (technology review), 6 and 7.  
 
2.4.3 Two traditionally separate regimes  
The difficulty in bridging the differences between the regimes, overcoming bounded 
rationality and thinking at different levels is manifest in the absence of dedicated targets 
for energy recovered from waste technologies. Other researchers have found that this 
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reticence to provide specific targets, leaving deployment to market forces, has limited the 
impetus to build waste management infrastructure (Tunesi, 2010). 
 
Table 2.4 illustrates the naturally different interests, scales and perspectives between the 
WM and the energy regimes. 
 
Activities and concerns 
Energy technology 
and policy 
Waste management 
Deployment Scale 
 
Regional to global Local to regional 
a. Budget 
b. Financing format 
a. Capital investment £ billion (for 
fossil fuel) 
b. Global multinationals, e.g. 
carbon trading 
a. Capital investment from  
hundreds of £ thousands to 
several £ million 
b. Local and regional contracts 
Policy implementation  National government (with 
international input, e.g. OECD, 
IEA, OPEC.) 
Local authority (with national 
and international input) 
RD&D strategies  Costly, large scale, global Limited to niche applications in 
industrialised countries 
Environmental concerns 
(self-perception) 
Major: Climate change 
Minor: Habitat disruption 
Major: civic disamenity, odour, 
local air quality, local health 
impacts 
Minor: energy security 
Environmental impacts (in 
order of magnitude) 
Global: climate change 
Regional: acid rain  
Local: visual intrusion, habitat 
disruption 
Local: acidification, disamenities 
Regional: eutrophication 
Global: climate change 
Practical concerns a. Decreasing conventional 
reserves 
b. Geo-political security 
c. National self-sufficiency 
a. Public health 
b. Public perception 
c. Transport and local 
disamenities 
d. Resource wastage and 
depletion 
e. Land availability 
f. Social equity 
Main generally perceived 
impetus 
a. Renewables directive RES-D  
b. Biofuels directive BFD 
c. EU emissions trading EU-ETS 
a. LFD (LF Tax, penalties, fines) 
b. WFD: proximity & PPP  
c. Self-sufficiency 
Table 2.4 Different perspectives between the energy and waste management regimes 
 
2.4.4 Strategic perspectives from Industrial Ecology 
In terms of material use, international debate and meaningful efforts to realise 
improvements to macro-economic energy and carbon intensity exist (Section 2.4.3; Kaya 
Identity). Striving to close material cycles in an economy, minimising its entropy, is 
already a government objective in several countries. China introduced a circular economy 
(CE) law in 2008 to instil coordination amongst service and manufacturing sectors to 
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increase industrial symbiosis turning wastes and by-products into inputs elsewhere (Park 
et al., 2010).  The Chinese CE policy originated within the industrial ecology (IE) 
discipline and is built upon the concept of supply chain loop-closing that is emphasised 
in Dutch, German and Swedish environmental policy. For instance, in Germany, the 
objective of operating in closed cycles was articulated in the early 1990s through the 
'Kreislaufwirtschaft' or circular economy concept (Van Weenen, 1995).  It is encapsulated 
in the Circular Economy and Waste Act of 1994 and aims for the highest possible 
material reuse through products that are manufactured from resources, whose 
components can be reprocessed to a large extent.  
 
Several disciplines have contributed fundamental concepts to the intellectual formation 
of the field of Industrial Ecology. One of the key concepts was proposed by the physicist 
Robert Ayres and the economist Allen Kneese, who were involved in producing the 1968 
report of the Joint Economic Committee to the US Congress on environmental pollution 
(Fischer-Kowalski, 2007). Ayres and Kneese (1968) contended that the economy uses 
many environmental goods that have no price such as air and water, which precludes a 
Pareto-optimal allocation on markets to the detriment of the environmental goods 
themselves. This early contribution to the debate about common goods helped to 
substantiate the idea of ‘unpriced’ externalities with formal analysis presented at the 
highest political levels in the USA.  A further element of the argument is the illustration 
of how conventional economics fails to address certain material and, by extension, energy 
flows. It was important at the time to explain a basic mistake that has to do with the way 
production and consumption processes are represented in economics which contradicts 
the law of preservation of mass. 
 
For example, the relationship between new production and recycling yields little 
information about the quantity, let alone quality, of steel, which was produced at time A, 
that will find its way into an electro-steel reprocessing smelter high-oven at any time B. It 
is the resource usability-oriented recycling rate that is the more relevant figure for 
beneficial developments (Von Gleich, 2007). 
 
The ultimate objective in material use should consist in an attempt to eliminate 
contamination with impurities from the outset, which is the way to enable effective 
recycling. As natural raw material reserves dwindle and society depends increasingly on 
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recovering the stocks from the technosphere, effective, non-dissipative recycling will 
become an important requirement of sustainable development.   In the case of steel for 
instance, “recycling processes represent one of the main sources of dissipative copper 
mixing into the steel stream. This mixing stems chiefly from recycling electrical motors 
and bobbins from discarded cars and large white goods. It is recognised that there is 
significant room for improvement in dismantling, comminution and sorting steps” (Von 
Gleich, 2007). It is by focusing on product design and manufacturing processes 
themselves that maximum resource efficiency can be achieved (Von Gleich et al., 2004). 
 
Thanks to a long tradition of economic accounting and macroeconomic budgeting there 
is significant knowledge about financial flows.  Energy flows at various levels have also 
attained a considerable standard but material flows lag significantly behind. “Despite that 
need to catch up, it is actually the next step that is required. In fact only a small part of 
sustainability problems correlates directly with the material stream quantities, notably 
emissions of acidifying, eutrophication-related and ozon-destroying substances” (Von 
Gleich, 2007).  The next step mentioned refers to the move from analysing quantity to 
analysing quality of material streams. Although dissipative losses may seem small 
compared to the total amount of flows, they can cause significant damage qualitatively in 
technical and biological systems (Von Gleich, 2007). That is why, from a thermodynamic 
perspective, an attempt must be made to quantify some of these qualitative aspects, 
which might be complex and also need to be supplemented to provide a full narrative. 
“Ultimately only a combination of methods of technical and material evaluation will help. 
Apart from Ecological and Entropy Balances, particularly Environmental Resilience 
Testing and Risk Analyses regarding e.g. toxicological and eco-toxicological evaluations 
of materials and impacts will play an important role” (Von Gleich, 2007). 
 
“Within Industrial Ecology the exigence is not ‘only’ about environmental protection and 
technological impact assessment, nor ‘only’ about environmentally friendly and resource 
efficient configuration and use of processes and products. It is about adapting industrial 
systems to the [logic of] ecological ones, which implies knowing more about their 
capabilities to provide us with energy and raw materials (Input Carrying Capacity) and to 
assimilate the emissions and waste from economic activity (Output Carrying Capacity), 
both of which are time and location-dependent variables. Even in the required spatial 
and temporal differentiation they are not fixed dimensions (Von Gleich, 2007).” 
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“In future, Industrial Ecology will not be able to concentrate only on re-configuring 
technical systems to make them more compatible with natural ones. It will also have to 
answer the question of how to sustainably increase the Input and Output Carrying 
Capacities of natural systems (Von Gleich, 2007).”  
 
Interestingly, several important findings and realisations of Industrial Ecology stem from 
individual projects and that is why they should be considered as starting point from 
which to expand its theory and practice. Eventually, knowledge acquired in pioneering 
commercial-scale projects will have to be transposed across borders. International 
application of initial principles undoubtedly poses adaptation challenges across economic 
policy, regulatory regimes and even business culture and national idiosyncrasy.  
 
Chapter 6 includes the result of discussions about IE principles with stakeholders in the 
waste management industry. It will test to what extent they are applicable under current 
circumstances. 
2.5 Summary of regulation and policy 
 
Acceptance of recovered material continues to face resistance at the level of consumers 
and almost as much in the context of using it as production input. Within the industrial 
context, manufacturing organisations cannot take on the perceived risk of using material 
that has potentially been contaminated in the past to substitute virgin raw material for 
production, jeopardising the quality and reputation of their products. At national, 
European and international levels committees that include relevant industry bodies and 
agencies such as HSE and BSI in the UK and the Environment Agency work out the 
details and procedures to define when a material has achieved an acceptable standard. 
Such standards certify the safety and suitability of the materials and have been an 
important development in the efforts to complete material loops and create revenue 
streams that make recovery operations viable. Examples are: 
 
The performance requirements in the policy reviewed above entail a strong restrictive-
normative aspect that sets forth minimum levels of performance or the maximum level 
of externality, e.g. emissions. They focus on forcing technologies to become gradually 
less noxious. Since technology can have an unpredictable development path one 
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implication of this restrictive-normative aspect is that technology proponents trying to 
win business quote compliance with emissions levels as credentials. The focus is on limits 
and on trying not to over-engineer solutions that could actually improve the state of the 
art. The positive effect of regulation is that it provides guidance and confidence to other 
actors in the regime, e.g. investors, even if it is necessary to review it to reflect changes in 
the two regimes as well as at landscape level.  This chapter sought to explain how WtE 
can fulfil an important role required at the intersection of the WM and renewable energy 
regimes and how its merits should not be evaluated in the conventional dissociated way. 
It is noted that energy policy is increasingly recognising the need to provide coordinated 
guidance.  The WM regime did not possess the policy instruments to increase 
attractiveness of the technology. In fact it must interact with manufacturing and 
extractive industries to improve recoverability of resource in the medium to long term. 
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3 Technical characterisation  
 
This chapter reviews the combustion and gasification technologies studied in this 
research and highlights key promises and limitations. It first outlines the characteristics of 
the thermal treatments: moving grate combustion (COM) and fluidised bed gasification 
(as exemplar of advanced thermal treatments or ATT). The chapter continues with a 
characterisation of anaerobic digestion as the only biological treatment generally 
considered for decentralised energy recovery. The chapter then analyses the promises and 
limitations of the technology, whilst more detailed treatment of technical and commercial 
questions is given in Chapters 6 and 7. 
 
3.1 Introduction to thermal treatments 
Thermal treatments have been primarily employed to reduce the volume and toxicity of 
waste rendering it virtually inert. Energy and material recovery have conventionally 
represented a secondary function, e.g. recoverable metals and aggregates account for a 
small fraction of the feedstock by weight.  Of particular interest are the conditions set 
out in the Waste Framework Directive 2008/98/EC that allow energy recovery to qualify 
as the primary purpose. The implications of becoming waste-fired power stations are 
studied further in Chapter 7.   
 
Moving grate combustion was selected because it is one of the leading configurations in 
commercial applications in the UK (Defra, 2007c). It was chosen as the reference system 
for comparison with fluidised bed gasification, which also offers the potential for high 
levels of energetic and environmental performance. Other non-leading combustion and 
non-leading gasification technologies were considered less relevant to the debate about 
deployment of promising solutions in the medium-term.  Therefore, they were 
considered to be outside the scope of the research. Furthermore, this thesis focuses on 
the reactor plant, with broad assumptions on the interaction with the electricity or heat 
distribution systems. All calculations address the economic and energetic behaviour over 
a useful plant lifetime of 30 years not focusing on the possibilities for extended lifetimes 
due to refurbishment. Figure 3.1 depicts the main stages of two treatment routes studied.   
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Figure 3.1 Thermal treatments of residual MSW 
Source: Yassin et al., 2009 
 
3.2 Moving grate combustion 
 
The principles of waste combustion, more commonly referred to as incineration, are 
generally well understood and the technology is considered proven. Combustion 
processes have been described in detail in the literature (e.g. Williams, 2005; Scholz et al., 
2001; Defra, 2007c). In this section a brief description of the driving factors is provided 
concerning the peculiarities of waste as opposed to more homogeneous fuels.  
 
In addition to moving-grate, incineration facilities employ fluidised-bed and rotary-kiln 
reactors.  Fluidised-bed incinerators tend to be medium-scale with throughputs between 
12 and 200 ktpa. They normally treat sewage sludge, MSW-derived fractions that either 
stem from integrated recovery facilities or have difficult combustion properties 
(European Commission, 2006).  Rotary kiln incinerators operate in the small and medium 
scales with throughputs between 4 and 50 ktpa. They can treat a wide variety of wastes 
including contaminated soils, industrial, hazardous and clinical waste, which in some 
cases is fed in close drums due to their toxicity or infectiousness (Williams, 2005). A 
comprehensive characterisation of these additional reactor types can be found in 
European Commission (2006). These two technologies are not studied further in this 
work. Moving-grate incineration, which is the combustion technology studied in this 
  52  
thesis, is deployed in the majority of incinerators in the UK8 (Defra, 2007c).  Moving 
grate reactors are medium or large scale with throughputs between 50 and 700 ktpa, their 
main chamber is based on a moving array of metal bars that constitute the grate. The 
grate stokes the fire in the reactor by agitating the feedstock whilst transporting it from 
the inlet to the discharge outlet (Williams, 2005). Grates can consist of roller, stoker, 
rocker, reciprocating and backward reciprocating systems, which are all characterised in 
detail in European Commission (2006).   A prominent moving-grate incinerator example 
is the Sheffield plant, which provides electricity to the grid and district heating to more 
than 130 buildings including museums, hospitals, households and universities. It is 
operated by Veolia and described for a general audience in Veolia (2011). Significant 
work within the SUE Waste consortium and the research for this thesis have taken this 
plant as reference configuration. 
 
Unsorted Municipal Solid Waste (MSW) feedstock has a widely variable composition 
depending on factors such as affluence of the population, geographical distribution (e.g. 
rural or urban; residential or commercial) and season (Ryu et al., 2007). Modern 
incineration plants produce inert ash that is equivalent to approximately 10% of 
feedstock volume and to 33% of feedstock weight (Williams, 2005). Other waste streams 
commonly used as feedstocks are sewage sludge, industrial waste and hazardous waste. In 
fact, for several hazardous wastes, e.g. flammable, toxic and infectious waste incineration 
is the best practical environmental option although energy recovery in such cases is a 
secondary objective (Williams, 2005). The combustion process involves complex 
pyrolysis, gasification and oxidation reactions in one plant. By contrast, gasification and 
pyrolysis processes produce intermediate combustion products that can be used for 
energy production or used as a chemical feedstock (Ryu et al., 2007).  The combustion of 
waste brings about the release of latent chemical energy in the feedstock normally 
employing ambient air as oxygen carrier. This release generates combustion gas enthalpy, 
which is normally harnessed through a boiler and steam turbine cycle.   
 
Combustible components of the waste feedstock such as carbon, sulphur and hydrogen 
can be assumed to react with the oxygen in the feedstock and in the reaction gas, i.e. air, 
to form CO2, H2O and SO2 as part of the flue gas as long as the gaseous oxygen 
                                                        
8 Amongst the 18 incineration plants in operation in the UK in 2006 only three provided 
combined heat and power (Defra, 2007).  
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requirement is met (Scholz et al., 2001).  In addition, particulates, acidic gases, heavy 
metals and dioxins are also part of the flue gas, which become air pollution control 
(APC) residues including fly ash. Other products of combustion are solid residues in the 
form of bottom ash (BA). BA is an inert material widely used as aggregate in the road 
construction and building industries. APC residues are hazardous and must be safely 
disposed of to a special landfill (Defra, 2007c).  The flue gas components and the fly ash 
are largely removed by physical and chemical gas cleaning methods to comply with 
emission limits (Defra, 2007c).  It is of interest to know that fly ash can potentially be 
sintered in order to prevent heavy metal leaching and enable its use as aggregate in the 
construction industry (Ward et al., 2002; Upton et al., 2002).   Such technologies could be 
more widely deployed when landfill tax and associated costs increase (Ryu et al., 2007). 
 
To ensure efficient combustion typical conditions include over-stoichiometric operation 
with excess air (typically 50 – 80% above stoichiometric air) and high temperatures, e.g. 
850°C at the furnace exit (Ryu et al., 2007). Because of the temperature and 
corrosiveness conditions in the reactor, possible material coating improvements are being 
researched internationally. Nickel-based alloys and aluminide coatings have been found 
to increase corrosion resistance (Phongphiphat et al., 2010).   
 
3.2.1 Significance of combustion 
Across Europe, over 50 million tonnes of waste per year are burnt to produce energy 
(Defra, 2007c). Particularly countries with high environmental standards such as 
Denmark, Switzerland and Sweden have extensively deployed combustion with energy 
recovery to divert waste from landfill. In 2005/6, England generated 29 Mt/year of 
MSW; 62% of this waste was landfilled, 27% was recycled or composted, 10% was 
combusted with energy recovery and less than 1% was treated by other routes such as 
mechanical and biological treatment (MBT), anaerobic digestion (AD) and gasification. 
The amount of waste incinerated with energy recovery in the UK was doubled from 1.4 
Mt in 1996/7 to 2.8 Mt in 2005/6 using the 18 incinerators available, with capacities 
ranging from 56 to 500 kt/year (Ryu et al., 2007). By 2009/10, 13.6% of local authority 
collected waste was used for energy recovery and 46.9% was landfilled (Defra, 2011a). 
 
A common heuristic for energy potential estimation is that between 0.3 – 0.7 MWh of 
electricity can be obtained from the combustion of one tonne of MSW depending on 
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steam parameters, calorific value of the feedstock and overall efficiency (European 
Commission, 2006). In developed countries up to one tonne of MSW per person per 
year is produced (Ryu et al., 2007).   At national scale, the potential electrical generation 
contribution from residual waste (including commercial and industrial wastes) could be as 
much as 17% of total UK electricity consumption in 2020 while meeting recycling targets 
and using various modern thermal treatments (Oakdene Hollins, 2005). The implication 
of these estimations is discussed in Chapter 7.  
 
3.2.2 Process stages of combustion 
A more comprehensive description is provided in European Commission (2006) but this 
section provides enough background for the purposes of clarifying the technical context 
of this thesis. Once in the combustion chamber, the feedstock undergoes three stages of 
incineration whose rates can vary given differences in moisture content, volatile content, 
thermal degradation temperature, ignition temperature and fixed carbon content in the 
waste (Williams, 2005): 
i. Drying and devolatilisation 
ii. Combustion of volatiles and soot 
iii. Combustion of the solid carbonaceous residue 
iv. Energy recovery  
 
Although historically considered a disposal route, modern incinerators include energy 
recovery as an economic and technical necessity (Williams, 2005).  In fact, the potential 
for energy recovery is largely related to the high temperature of the gases leaving the 
combustion chamber, i.e. 750 to 1000°C, which is too high to be treated by parts of the 
gas cleaning equipment such as electrostatic precipitators and bag filters. This equipment 
can typically operate at temperatures below 250 to 300°C. Therefore, the boiler 
equipment acts as part of a cooling mechanism (Williams, 2005).   
 
The heat recovery mechanism begins with the transfer of heat from the flue gases to the 
boiler tube bundles that are partly located around the combustion chamber. The first 
contact of the flue gases is with the superheater tubes, which is where the highest 
temperature heat transfer occurs. The gases then pass through the evaporator bundles 
and finally through the economiser which pre-heats the water mainly for the steam cycle 
but also for export of low-grade heat. The flow of water and steam through the boiler 
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equipment is in the opposite direction: from the economiser, to the evaporator, to the 
superheater (European Commission, 2006). Through heat recovery, the flue gas 
temperature can be reduced from 1000 – 1200°C near the grate to approximately 250°C 
after the economiser (Williams, 2005). Because a combustion plant is operated on a 
continuous basis close to nominal capacity, energy output cannot be adjusted to varying 
demand (Williams, 2005). This predictable, steady energy flow has implications for the 
resilience of the electricity system, which is discussed in Chapter 7. 
 
3.2.3 Main parameters of combustion 
Two important operational requirements in the Industrial Emissions Directive 
2010/75/EC for an MSW incineration plant are: a minimum temperature of 850°C 
(gases from waste with chlorine content higher than 1% must reach 1100°C) and a 
minimum residence time of two seconds to ensure destruction of volatile hydrocarbons; 
and that the total organic carbon content in slag and bottom ash is less than 3% (EU, 
2010).  A pollutant emission comparison between the combustion technology studied 
here and the main limits in the IED is presented in the techno-economic analysis part of 
Chapter 4.  
 
Depending on how much oxygen and air are used in combustion different temperatures 
and burning conditions are created that lead to varying pressures suitable for different 
steam generation arrangements (Scholz et al., 2001). To ensure availability of oxygen for 
combusting all suitable molecules in the feedstock it is common to introduce more than 
the minimum oxygen requirement into the reactor. The relationship between the actual 
oxygen provided and the minimum required is denoted the stoichiometric index (λ) as 
explained in detail in Scholz et al. (2001), where a full description of stoichiometric 
reactions is provided. Combustion processes with λ=1 are referred to as stoichiometric 
and those with λ>1 as over-stoichiometric. Alternative thermal processes with λ<1 are 
thus under-stoichiometric and that is the main characteristic of gasification and pyrolysis 
processes. An important implication for plant design is that the amount of supplemental 
air (oxygen carrier) also needs to be kept as small as practicable because it influences the 
amount of flue gas and hence the size of the required gas cleaning equipment. An 
indicative range of λ = 1.5 to 2.5 is normally expected in European combustion plants,9 
                                                        
9 By contrast, a coal-fired combustion plant, e.g. a power plant combustion chamber, would be 
expected to operate at the range of λ = 1.1 to 1.3. This is because higher calorific value 
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which in broad terms can be expected to result in combustion temperatures between 
1330°C and 930°C respectively (Scholz et al., 2001).  
 
It should be noted that sustained temperatures in the combustion chamber above 
1200°C are generally undesirable because ash can fuse and slag can build-up on the 
refractory material (Williams, 2005). This is an example of the design challenge: a λ closer 
to 1.5 would lead to high temperatures challenging for the reactor and the cleaning 
systems; a λ closer to 2.5 would generate a larger flue gas volume and increase the capital 
cost of gas cleaning equipment. 
 
3.2.4 Limitations of combustion 
The principal limitations to deployment of combustion refer mostly to integration and 
partly to technical characteristics. Limitations related to integration include: 
 Public opposition  
o The perceived health risks play an important role in acceptance by the public and 
improvements in emissions control seem to have a limited effect in changing 
perceptions. 
o Disamenities at large scale, such as traffic, visual intrusion and the sheer size 
of the plants make the planning consent process difficult.   
 Depending on local conditions, lack of flexibility in treatment options can ensue once an 
incineration plant is built at particularly high scales. This results from the high capital 
costs needing long-term contracts for waste feedstock (Williams 2005). An insight 
emerging from this research, however, is that such situations do not need to arise as a 
norm; particularly if caution is applied at the time of deciding on scale. In any case, 
such cases would have more to do with strategy and planning than with technology. 
 Combined with the increasing costs of emission control equipment10 at large scales, 
opposition increases disproportionately with scale, resulting in higher perceived 
project risk (White and Zack, 1989).  
 
                                                                                                                                                               
feedstocks require less supplemental oxygen and hence give rise to smaller volumes of flue gas 
requiring clean-up equipment.   
10 The level of scale economies that were considered as a possible trade-off heuristic was that 
from each tonne of processed waste an additional 400-500 kWh were generated, which could 
mean $5 to $10 million per annum in additional electricity revenues when comparing a 1.5 ktpd 
with a 0.5 ktpd plant (White and Zack, 1989). 
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Technical limitations include: 
 The extent of pollution control systems including complex gas cleaning equipment 
increases the footprint and the capital expenditure (Yassin et al., 2009).  
 Potentially not the highest energy efficiency, as is analysed in Chapter 4 and elaborated on 
with the exergy analysis in Chapter 7. This is mainly due to the different efficiency of 
steam turbines compared to the potential of gas engines or combined-cycle gas 
turbines (CCGT) configurations in gasification – which, in turn, have yet to be more 
widely deployed.   
 Plants are designed to operate within a range of feedstock calorific values (CV); if 
recycling levels increase significantly, thus removing paper and plastic and decreasing 
the CV, the efficiency of the plant might be affected (Williams 2005). 
 Severe corrosion of heat exchangers limits the steam temperature in electricity 
generation equipment (Ryu et al., 2007). This causes the electrical efficiency to be 
approximately 25% or less, which is significantly lower than the 35% for coal-fired 
power plant and waste gasification. The possibility to reach efficiency levels closer to 
70% (for high-CV fuels) in combined heat and power (CHP) mode depends on the 
feasibility of using heat for industrial process steam or space heating (DTI, 2004).  
 
3.2.5 Promises of combustion 
The promises of combustion technology consist mainly of recent technical 
improvements that have slightly improved its opportunities for integration and 
deployment. Integration promises include:  
 In relation to concerns about toxic emissions, dioxin emissions from modern 
incinerators are far below the European limit of 0.1 ngTEQ/Nm3 (Ryu et al., 2007).  
An example of the improvements in filter technology is that whereas in 1990 one 
third of all dioxin emissions in Germany came from its 66 waste incineration plants, 
in the year 2000 the figure was less than 1%, although the country incinerates about 
20% of its MSW (Federal Ministry of the Environment, Nature Conservation and 
Nuclear Safety, 2005).   
 By virtue of the stringent regulations on combustion plants, it can be deducted that 
health risks associated with their operation are not serious; in fact, they have been 
reported as neither identifiable nor meaningful in a number of studies (Defra, 2004; 
Valberg et al., 1996; Glorennec et al., 2005).   
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Technical promises include: 
 Incinerators can evidently handle raw wastes with a wide range of composition and 
particle sizes. The understandable trade-off is the efficiency penalty from burning 
feedstock that has a relatively high moisture content and contains non-combustible 
material such as metals. However, the lack of requirement for pre-treatment is still a 
logistical advantage. 
 As a proven technology, combustion is not associated by investors with the same 
levels of technology and project risks as gasification. 
 
3.3 Fluidised bed gasification 
In this thesis, gasification refers to the partial oxidation of the waste feedstock to prevent 
complete combustion (Williams, 2005). In the process, the chemical energy contained in 
the feedstock  and in the gasification medium is transformed into the chemical energy 
contained in the product gasification gas or synthesis gas (also referred to as syngas) 
(Scholz et al., 2001).  Syngas consists mainly of carbon monoxide, hydrogen, carbon 
dioxide and methane (Williams, 2005). The calorific value of syngas depends on the type 
of gasifying agent, for example 4 – 7 MJ/Nm3 by gasification with air, 10 – 12 MJ/Nm3 
with oxygen and 15 – 20 MJ/Nm3 with steam (Belgiorno et al., 2003).  The other output 
is the solid residue or bottom ash with a low carbon content, which can be recycled as 
aggregate; it is worth noting that incineration bottom ash is widely used as aggregate and 
its quality is lower than that of ash from  gasification (Defra, 2005). A comprehensive 
review of all the gasifier types, e.g. packed bed, fixed bed and circulating fluidised bed, is 
provided in European Commission (2006). 
 
The technology studied in this thesis in particular is fluidised bed gasification. The design 
objective of fluidised bed reactors is to treat finely divided wastes e.g. RDF and sewage 
sludge. In the lower section of the reaction chamber, a bed of inert material, e.g. sand or 
ash, on a distribution plate is fluidised with preheated air creating the heat transmission 
medium. Pre-treated feedstock is continuously fed into the fluidised sand bed from the 
top or side using a pump, a star feeder or a screw-tube conveyor. Drying, volatilisation 
and ignition, take place in the fluidised bed (European Commission, 2006). Although no 
images could be obtained for the reactor of the technology studied here, an example of a 
similar fluidised bed reactor is depicted in Figure 3.2. 
  59  
 
Figure 3.2 Fluidised bed gasifier with high temperature melting furnace by Ebara 
Source: European Commission, 2006 
 
Gasification has been deployed only recently in waste management (Defra, 2007d), 
although it has existed for nearly a century, for instance the Lurgi moving-bed 
pressurised gasification process was created in 1931 (Higman and Van der Burgt, 2003).  
Gasification has the potential to become one of the leading treatments for segregated 
waste, mainly due to its higher energy efficiency (Ryu et al., 2007). 
 
3.3.1 Significance of gasification 
The principal reason to study gasification of waste is that it offers the possibility of 
concentrating the molecules with the higher calorific value in its gaseous product (Scholz 
et al., 2001).  It follows that using these concentrated molecules as a fuel can minimise 
the entropy of an energy system.  Contributions to resource efficiency are, first, that the 
pre-treatment step yields fractions of recovered material such as glass and metal that 
increase recycling rates and count towards recycling targets; second, that 100% of its 
BMW throughput counts as diverted from landfill regardless of the ash disposal method 
(Defra, 2005).  The growing significance of gasification in the UK technology mix is 
exemplified by companies that have received the planning permission also in the vicinity 
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of London. For example Cyclamax is building a 15MWe plant to treat 112 ktpa and is 
scheduled to be operational in 2013 (Faulkner, 2010). 
 
3.3.2 Process stages of gasification 
An overview of the possible compatible reactants and reaction products is provided in 
Table 3.1. Important elements are: 
 GF, gasification feedstock, which can contain fossil hydrocarbons, biomass and 
mixed wastes 
 GM, gasification medium, is the gaseous reactant within the reactor, which can 
be air or oxygen in waste management applications or steam in energy 
applications. 
 GP, gasification (syngas) product    
 Other products such as tar, dust and solid residues 
 
 
Table 3.1 Fate of main elements as input and output of gasification 
Sources: Adapted from Scholz et al., 2001; Higman and Van der Burgt, 2003 
 
It is necessary to consider the fate of sulphur and nitrogen because of the effects of the 
resulting compounds downstream of the gasifier such as catalyst poisoning, 
environmental emissions and corrosion of energy generation equipment, for instance 
nitrogen can also become NH3 and HCN (Higman and Van der Burgt, 2003).  
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The most important gasification reactions are presented in table 3.2. The energy effects 
are listed as the enthalpy of each reaction, whereby a negative value denotes an 
exothermic reaction. It follows that the process as a whole is exothermic. 
 
Reaction equations 
Enthalpy of reaction 
gas (kJ/mol) 
Oxidation reactions 
1 C      +    O2        CO2 - 406.4 
2 CO   +   ½O2      CO2 - 283.6 
3 H2    +   ½O2      H2O - 241.1 
4 CH4  +  2O2       CO2 + 2H2O - 801.1 
Partial oxidation reaction 
5 C     +   ½O2      CO - 122.8 
Boudouard reaction 
6 C     +    CO2      2CO + 160.1 
Heterogeneous water-gas reactions 
7 C      +   H2O     CO  +  H2 + 118.4 
8 C      +   2H2O     CO2  +  2H2 +  75.9 
Homogeneous water-gas reactions 
9 CO2  +    H2       CO   +  H2O   +  42.5 
Heterogeneous methanation reactions 
10 C      +   2H2     CH4   -  87.4 
 
Table 3.2 Gasification reaction types and resulting enthalpy 
Sources: Scholz et al., 2001; Higman and van der Burgt, 2003 
 
For detailed explanations of reaction directions and rates as well as equilibrium constants 
see Higman and Van der Burgt (2003) and Scholz et al. (2001). 
 
3.3.3 Main parameters of gasification 
An important parameter is the requirement for feedstock homogenised through pre-
treatment, e.g., mechanical-biological treatment (MBT). For a description of MBT 
processes see Archer et al. (2005). Pre-treatment produces refuse-derived fuel (RDF) or 
solid recovered fuel (SRF) depending on specification. These recovered feedstocks 
consist mainly of contaminated paper, wood, plastic and textiles (Castillo-Castillo et al., 
2009; Defra, 2005). The CV of these fuels ranges between 12 and 23 MJ/kg (Burnley et 
al., 2011). The main difference between these fuels is that RDF can be anything that is 
waste-derived, and then densified, that could be burned, e.g. straw, whilst SRF is refined 
to a better quality, dried and ‘de-metalised’ (Bailes, 2011). The two SRF standards are: 
 Fine SRF has a particle size of 50mm, is acceptable for cement kilns  
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 Coarse SRF has a particle size of 300mm, it displaces solvents and tyres 
 
Further positive effects of pre-treatment are that recycling of non-combustible material is 
increased; only the high-CV fractions are thermally treated, thereby increasing efficiency; 
feedstock is easier to transport, handle and store than raw waste because it is dry and has 
less odour and pathogens; and the throughput of feedstock entering the reactor is 
reduced, leading to a reduction of thermal plant sizes (Fichtner, 2004).   
 
The influence of temperature and pressure on reactor performance is explained in detail by 
Scholz et al. (2001), but the main points relevant to WtE can be summarised as follows.  
 Pressure has an impact on reactions that involve volume changes, e.g. carbon 
monoxide production decreases during a pressure increase in the Boudouard 
reaction. Conversely, methane production increases above equilibrium during a 
pressure increase, which results in syngas with a higher CV.  This is why some high-
pressure processes are promoted.  
 Temperature increases influence these two products in the almost opposite direction. 
Higher temperatures result in more carbon monoxide generated by the Boudouard 
reaction and less methane from the methanation reaction (see elsewhere in this 
section).  Typical temperatures of gasification are relatively high; for air gasification 
they are between 800°C and 1100°C and for pure oxygen gasification they can be 
between 1000°C and 1400°C (Williams, 2005). Nevertheless they may also be slightly 
lower: a temperature above 650°C may be sufficient for gasification (Defra, 2007d). 
It should be noted that CCGT requirements such as blade cooling and low NOx 
become more challenging with increasing temperature. Thus, this relationship casts 
doubts on optimistic expectations of further increases in gas turbine inlet 
temperatures, which are already in the range between 1200 and 1500°C (Higman and 
Van der Burgt, 2003).  
 
The maximum theoretical efficiency of the conversion of chemical energy into power is 
given by the formula for a reversible Carnot process. 
  
 
 
    
  
  
 
 
Equation 3.1 Carnot process formula 
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η is the fraction of the power, w produced by the cycle over the heat of combustion q 
added to the cycle. TL and TH are the lowest and the highest absolute temperatures of the 
cycle. The lowest temperature is almost always the ambient or cooling water temperature. 
Therefore the importance of a high temperature for the cycle efficiency becomes 
apparent (Higman and Van der Burgt, 2003). 
 
3.3.4 Limitations of gasification  
The principal limitations to deployment of gasification are about integration (or project 
implementation) and about technical characteristics.  
Limitations related to integration include: 
 Recovered material after the reactor only counts towards recycling targets after being 
accepted by a re-processor, not as it exits the reactor (Defra, 2005) 
 Although the components of the system proposed here (gasification and CCGT) are, 
individually, well developed technologies, their integration is more recent. As is typical for 
this developmental stage, there is considerable variation in system optimisation 
through flow-sheeting software and in actual designs promoted; an inevitable trade-
off even under successful integration is that the combined up-time of the two 
technologies has a higher probability of decreasing (Higman & Van der Burgt, 2003). 
 Within the technology deployment life-cycle it can be expected that positive results 
from early successful plants cannot be readily generalised for reasons such as: regional 
differences in waste composition (which can be addressed through SRF standards); 
different configurations from technology proponents; and the different project 
finance arrangements that might provide more commercial flexibility to some 
projects involving both energy and residue off-take. Although this can prolong initial 
phases of adoption, early installations will help to overcome the conventional 
perception of gasification as unproven.  
 
Technical limitations include: 
 Although it also provides benefits, pre-treatment is a cost-adding necessity (particularly in 
co-located facilities) to prevent damage to the gasifier and down-stream energy 
generation equipment (Interview: WMC4 (see Chapter 6); Higman & Van der Burgt, 
2003).  
 Efficiencies offered by CCGT, which operates with an upper temperature between 
1200 and 1400°C, compared with 500 - 650°C for steam turbines, are restricted by the 
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clean gas requirement by the gas turbine itself (Higman & Van der Burgt, 2003).  The 
risk of component corrosion within gas turbines has precluded deployment of low-
temperature gasification plant integrated with CCGT (Interview: EC1; see Chapter 
6). This is a disadvantage of gasification because the energy recovery equipment of 
combustion plants can handle less pure gases. The appropriate gas cleaning step has 
yet to be widely deployed in the UK.  
 
3.3.5 Promises of gasification 
The advantages that represent a good promise for deployment of gasification can also be 
divided into integration and technology-related types.  
Promises related to integration include: 
 Feedstock pre-treatment also presents a compelling opportunity for integration into a broader 
system of separation of waste sub-streams. WMCs that set out to produce SRF will 
be more commercially viable if they increase all fractions of recovered materials 
particularly as metal, wood fibre (paper) and oil prices continue to rise. (The 
recognised utility and the resulting market pressures of using SRF in industrial 
processes are addressed in Chapters 6 and 7.) 
 The ability to produce proportionately more electricity than heat (i.e. having a low 
heat-to-power ratio) with the same amount of input as combustion, implies that it 
should be less hard to find heat off-take application at smaller loads than for large-
scale combustion. This aspect is analysed in detail in Chapter 7.    
 
Technical promises include: 
 Syngas is a valuable fuel that can be upgraded for other applications such as 
transport, whereas combustion flue gas does not have any heating value (Higman & 
Van der Burgt, 2003). 
 The ability to destroy and to prevent formation and back-formation of dioxins due to 
gasification reactor conditions as opposed to combustion (Fichtner, 2004) is an 
advantage of gasification that needs to be better communicated (see Chapters 4, 6 
and 7)  
 
A key recommendation from this work is to prioritise research on existing possible 
solutions on gas cleaning to enable the use of gas turbines and focus engineering efforts 
on demonstration. One example is to further develop the use of sodium bicarbonate 
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instead of calcium hydroxide for the removal of acidic gases. This holds the promise to 
reduce the reactant quantity by a factor of nine, the reactant cost by a factor of four and 
the pollutant conversion times by an order of magnitude (Yassin et al., 2008). 
3.4 Biological treatment: Anaerobic Digestion 
This section describes the main characteristics of anaerobic digestion. It provides the 
background that will aid understanding of the environmental and economic analysis of 
the technology performed in Chapter 5.  
 
3.4.1 The anaerobic digestion process 
Anaerobic digestion (AD) controls the decomposition of organic materials in the absence 
of oxygen in a closed reactor and captures the ensuing biogas, comprising mainly 
methane and carbon dioxide, for use in energy generation (Speece, 1996).  A detailed 
description of the plant on which research in Chapter 5 was modelled is provided in 
Banks et al. (2011).  A brief description of the plant is given in Chapter 5. 
 
3.4.2 Significance of anaerobic digestion 
AD has the potential to contribute to greenhouse gas emissions reductions, improve 
energy security, increase generation of decentralised renewable electricity and heat, 
produce low-impact fertiliser. AD deployment can also assist adherence to the principles 
of proximity as well as self-sufficiency in waste treatment, in energy generation and in 
resource use. The benefits from simultaneous diversion of BMW from landfill and 
production of renewable energy are beginning to be recognised (Butler et al., 2011).  
Apart from reducing methane emissions compared to disposal to landfill (Börjesson and 
Berglund, 2007; Silsoe Research Institute, 2004), digestate can be used as natural fertiliser 
replacing energy-intensive chemical fertilisers.  Co-digestion of different biodegradable 
wastes streams has the potential to increase energy yields and the ability to help address 
challenges posed by wastes such as animal manures and slurries (Al-Masri, 2001; Banks et 
al., 2007). Research on co-digestion of the organic fraction of MSW with sewage sludge 
(Gavala et al., 1996; Sosnowski et al., 2003) and with energy crops (Amon et al., 2007; 
Lindorfer and Lopez et al., 2007), has reported that GHG savings are only achieved 
when co-digestion does not imply transport of feedstock over long distances. 
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Quested and Johnson (2009) reported that “it is estimated that 8.3 (±0.31) million tonnes 
per year of food and drink waste is generated by households in the UK, which equates to 
330 kg/year per household or just over 6 kg per household per week.”  Food waste is an 
important resource. Its biodegradability and high nutrient content justify its use as 
substrate to maximise recovery, although its heterogeneity necessitates complex 
monitoring. Amongst other factors, stricter hygienic regulations shortening the shelf life 
of packaged food have led to an increase in the amount of out-of-date produce that must 
be disposed of (Gottschalk, 2007). Defra (2011b) has estimated that AD deployment for 
heat and electricity could generate between 3 and 5 TWh of total energy by 2020. 
 
The potential uses for biogas are (i) combustion in a CHP system, (ii) upgrade to 
biomethane and injection into the gas grid or (iii) upgrade to biomethane and use in gas-
engine vehicles (Börjesson and Berglund, 2006). The latter two options have a larger 
number of pre-conditions to be met than the first one. Upgrade for injection requires 
more capital investment and logistical proximity to the grid as well as the actual 
connection. Although this is an interesting option, it is not the focus of the analysis in 
Chapter 5 because this thesis aims to study the distributed generation feature of waste-to-
energy systems. Upgrade for use in vehicles is also predicated on certain logistical pre-
conditions. It entails costs and externalities of transport to the point of sale as well as the 
infrastructural investment needed to make bio-methane available beyond isolated fleet 
and depot schemes (AEA, 2010). For these reasons, and in adherence to the original 
objectives and boundaries of the thesis, the analysis in subsequent chapters will 
concentrate on the use of biogas as fuel in combined heat and power. 
 
3.4.3 Process stages of anaerobic digestion 
There are four main AD system configurations, which have been described in detail 
elsewhere as indicated below:  
 a one-stage wet system, with total solids (TS) content between 15% and 20%, 
comprising a main reactor to which feedstock is periodically added in stages and 
digestate is removed gradually and periodically (Vandevivere et al., 2003); 
 a one-stage dry system, where dry matter content in the feedstock or TS is between 
25% and 45% (Vandevivere et al., 2003);  
 a two-stage process where hydrolysis, acetogenesis and acidogenesis occur within the 
first reaction vessel and methanogenesis occurs at the required temperature, either 
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mesophilic or thermophilic, within the second reactor (Andersson and Björnsson, 
2002; Cooney et al., 2007; Zhu et al., 2008); and 
 a batch configuration, where the reactor is sealed for the duration of the single-stage 
digestion of the load (Misi and Foster, 2001).  
 
The plant technology studied in this research is a single-stage, wet, mesophilic process.  
 
Pre-treatment 
In general, and in particular in the case of food waste, feedstock pre-treatment is required 
to achieve uniform particle size. Feedstock is normally shredded, e.g. in a counter-shear 
shredder; inoculated with re-circulated digestate; and macerated to reduce particle size to 
less than 12 mm (Banks et al., 2011). 
 
Digestion 
The anaerobic digestion process consists of four sub-stages which have been studied in 
detail in the literature, e.g. Weiland (2001), Vandevivere et al. (2003), Helm (2007) and 
Wagner (2011). During hydrolysis, proteins, carbohydrates and fats are broken down into 
aminoacids, sugars and fatty acids by thermoanaerobium brockii. In acidogenesis, the 
second stage, these products are broken down into propanoic acid and butyric acid. 
During acetogenesis, these products are processed into acetate by organisms such as 
clostridium aceticum and acetobacter woodii. In the final stage, methanogenesis, 
organisms such as methanosarcina and methanococcus generate methane and carbon 
dioxide from the products from previous phases.  The flow of the main stages and 
corresponding organisms and substances involved in digestion is depicted in Figure 3.3. 
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Figure 3.3 Stages of generic anaerobic digestion of food waste 
Sources: Helm, 2007; Wagner, 2011 
 
Pasteurisation 
To comply with the UK Animal By-products Regulations and the European Regulation 
1774/2002 (European Parliament and European Council, 2002) on animal by-products 
not intended for human consumption, it is required to pasteurise the feedstock at 70°C 
for at least one hour. This requirement applies to household and catering waste 
(denominated ‘category 3’); Regulation 1069/2009 details all the requirements for other 
feedstock types considered to pose a higher risk, such as intestines (denominated 
‘category 2’).  In the configuration studied in Chapter 5, this step occurs after digestion in 
the main reactor, although it is possible to pasteurise the feedstock before digestion.   
 
Energy generation  
The decentralised generation configuration studied herein includes using the biogas 
produced to generate energy in a 195 kW MAN Combined Heat and Power (CHP) unit 
with a rated electrical efficiency of 32% at full load and a potential heat recovery rate of 
53% via the jacket and exhaust cooling water streams (Banks et al., 2011). 
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3.4.4 Main parameters of anaerobic digestion 
Satisfactory biogas production results from calibrating three decisive parameters that 
influence the metabolic activity of methanogenic bacteria: Temperature, pH and nutrient 
composition. Depending on feedstock composition and system configuration, methane 
content in biogas can be between 45 and 70% (Vandevivere et al. (2003). 
 
Temperature 
Processes can operate in mesophilic mode between 35–40°C or thermophilic mode 
between 55–60°C (Helm, 2007). For most co-digestion processes the mesophilic mode is 
chosen (CARMEN, 2008). 
 
pH  
Different levels of pH in the reactor favour the bacterial conditions of distinct sub-
stages. During acidogenesis the pH is correspondingly low. During methanogenesis, 
however, a higher pH is more advantageous. Reported pH values for European food 
waste feedstock as it enters the reactor are between 3.5 and 4.7, whilst methanogenesis 
occurs in the range between 6.5 and 8 (Sanders et al., 2003).  This distinction is the 
reason for the option to operate in a two-vessel configuration. However, apart from 
inhibiting propagation of methanogenic bacteria, low pH levels also causes accumulation 
of volatile fatty acids (VFAs) affecting the stability of the entire process (Aguilar-Garnica 
et al., 2009). The pH value has been shown to stabilise at ammonium concentrations of 
up to 1000 mg/l. Ammonium is released during the hydrolysis of organic nitrogen 
compounds, thereby raising the pH. This increment thus counteracts the decrease of the 
pH caused by the acidogenesis step of anaerobic digestion (Fricke et al., 2007).  Bacterial 
populations are very sensitive to pH; therefore the significance of the wrong pH level at 
particular reactor zones is that it can evidently impact the entire digestion process. 
 
Carbon-to-Nitrogen ratio  
The C:N ratio, strongly associated with the presence of organic acids and ammonia, 
determines the quality of digestion, particularly for systems based on food waste. The 
amount of acids tends to reduce during the initial stabilisation phase due to bacterial acid 
decomposition, which can lead to a lengthy stabilisation phase of up to six months 
(Sanders et al., 2003).  In practice, high concentrations of either acids or ammonia can 
inhibit digestion. Fricke et al. (2007) studied the operational impacts of nitrogen and 
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found that, because the reduced nitrogen compounds are not eliminated in the process, 
the C:N ratio in the feedstock is crucial. They noted that a range between 20 and 30 
would ensure carbon degradation, appropriate nitrogen supply for cell formation and also 
prevent overall excess of nitrogen.  They also found the nutrient ratio of the elements 
C:N:P:S at 600:15:5:3 favourable to methane production.  Detailed analysis of the 
potential problems in different parts of the process due to the following metabolic 
products of nitrogen is provided in Fricke et al. (2007): Ammonia (NH3), ammonium 
(NH4), dinitrous oxide (N2O), nitrite (NO2) and nitrate (NO3).  
 
Biogas yield 
A critical factor in biogas production is the biologically degradable organic fraction of the 
feedstock, which is characterised by two parameters. One is the volatile solids content, 
which should be at least 40% of dry matter as an important requirement for efficient 
methanogenesis (Vendevivere et al., 2003). The second is the chemical oxygen demand 
(COD) of the feedstock, which ultimately defines the potential gas yield; internationally 
observed values for food waste are between 300 and 400 g/l. The significance of this 
parameter for plant viability is more pronounced for food waste than for energy crops. 
Economic viability has been estimated to depend on a COD degradation rate greater 
than 90% for food waste systems as opposed to the 55 to 70% for crop systems 
(Gottschalk, 2007). For the plant studied here the reported biogas potential is 156 
m3/tonne of wet food waste (Banks et al., 2011).  
    
Feedstock Characteristics 
Whilst it is difficult to characterise a ‘typical’ composition for co-digested feedstocks, e.g. 
garden or farm waste with food waste, some orienting values can be found in the 
literature for commercial food waste as in the following example (Gottschalk, 2007): 
 Average dry matter 22% 
 Raw protein: 5% 
 Raw fats:  5.5% 
 Fibre: 1% 
 Ash: 2.3% 
 Starch: 2.0% 
 Sugars: 1.5% 
 Other carbohydrates: 4.5% 
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 Gross energy content: 1.39kWh/kg (10kWh/m3 methane) 
  
3.4.5 Limitations of anaerobic digestion 
 
Integration limitations include: 
 AD still tends to be associated with two deployment-related disadvantages compared 
to aerobic processes. First, higher capital costs due to higher complexity. Second, it is 
still regarded as less stable in operation. Moreover it is known that problems are more 
difficult to redress once they have occurred (Fricke et al., 2007). An important 
implication is that operation requires a level of technical capability that might not be 
available in the secluded, rural areas where the feedstock often is. This poses a 
disadvantage to anaerobic digestion vis à vis compositing for processing some of the 
feedstock. This is why policy intervention is required to make the additional technical 
efforts worthwhile.  
 Identification of suitable plant locations for food waste, as opposed to energy crops, 
depends on the local possibilities for liquid effluent cleaning and disposal as well as 
density of waste arisings (Mata-Alvarez, 2003; Gottschalk, 2007; Zglobisz et al., 
2010). 
 The maximum exploitation of the energy outputs will depend on finding a location 
with suitable loads. Due to transport considerations, proximity to feedstock source and 
point of use of digestate will tend to make the search for appropriate locations more 
difficult. 
 Special attention will have to be paid to areas where application of digestate might 
not be appropriate without reduction of nitrogen content. Examples of small regions 
in Europe where agricultural land is already under nutrient saturation were reported in 
Helm (2007). 
 Including the multiple benefits of AD in the justification for a single investment 
presents difficulties because it is known that multi-issue solutions require multi-
department collaboration. This matter is studied in more detail in Chapter 7.   
 
Technical limitations include: 
 The period of stabilisation at the beginning of plant operation can be particularly 
sensitive. Due to the heterogeneous chemical composition of food waste, as well as 
  72  
the specific conditions required by the microorganisms, careful monitoring is needed 
until the reactor can be declared operationally established. This phase can last 
between three and six months (Hartmann et al., 2003). This phase is also needed for 
the calibration between plant components and control systems whilst bacterial 
populations become established. Moreover, microorganisms also tend to acclimate to 
varying conditions, e.g. ammonia concentration, in ways difficult to predict (Banks et 
al., 2011; Fricke et al., 2007). 
 The residual methane potential of effluents of plants that increase the organic loading rate 
in order to increase their gas productivity can present operational challenges. 
Lindorfer and Corcoba et al. (2008) found that a doubling of the organic loading rate 
can lead to an increase of the residual methane potential of the effluent by a factor of 
10. This trend may need integration of effluent storage with the main reactors as part 
of the recovery system, which would impact capital and operating costs. 
 Because of possible accumulation of trace elements and heavy metals in meat, there is a 
possibility that in future regulations might become more stringent about the sampling 
and use of digestate as fertiliser. The possibility of an increased requirement for 
thermal treatment of some types of digestate has been suggested elsewhere 
(Edelmann, 2003; Kern et al., 2010).  
 Food waste systems can experience high concentrations of nitrogen on hydrolysis. 
This leads to high concentrations of ammonia or ammonium ion, which can inhibit 
methanogenesis. In addition, the exact concentrations that become critical for 
individual plants remain difficult to predict (Banks et al., 2011). Also, since the 
eligibility of digestate for application to land requires source segregation of food 
waste feedstock, this application will remain associated with some operational 
challenges. This is an example of what the investment community would regard as a 
‘technology risk’ (see Chapter 6). 
 AD system simulations suggest high sensitivity to highly uncertain factors, such as cation 
content, and highly variable factors, such as chemical composition of food waste 
feedstock (Bajzelj, 2009). 
 The presence of sulphur in food for preservation, appearance and flavour enhancement 
purposes leads to hydrogen sulphide generation during anaerobic digestion. 
Combustion of hydrogen sulphide in CHP engines induces sulphur dioxide 
formation, which in the presence of water can generate sulphuric acid. This reaction 
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path can cause corrosion in casings, piping and engines themselves (Helm, 2007; 
Freyer, 2008).      
 
3.4.6 Promises of anaerobic digestion 
Integration promises include: 
 AD enables synergistic effects by addressing multiple environmental and political 
challenges simultaneously while conventional alternatives tackle only one challenge 
(Zglobisz and Castillo-Castillo et al., 2010). Deployment of AD (i) enhances 
diversion from landfill; (ii) increases the practicality of recycling schemes relying on 
source-separation; (iii) generates decentralised, renewable energy, thus assisting the 
abatement of greenhouse gas emissions; (iv) improves energy security at national and 
regional level; (v) produces low-impact fertiliser and (vi) facilitates adherence to the 
European policy principles of proximity of treatment, self-sufficiency in resource use 
and in waste disposal.  
 Problems common to landfill such as gas cleaning requirements and limited gas capture do 
not apply to AD. 
 The stability and predictability of the energy output ought to be regarded as a desirable 
decentralised generation source. Distributed energy benefits naturally become more 
immediate if the plant is integrated with other farming or industrial operations with 
steady loads.   
 AD has become well established in some continental European countries but is 
currently under-utilised in the UK (BSI and WRAP, 2010). However, the 
convergence of concerns and supportive policy on climate change, energy security, 
electricity system stability and landfill diversion will continue to increase the 
desirability of this technology. 
 
Technical promises include 
 Although effluent cleaning and disposal requirements might make beneficial siting 
difficult, the pasteurisation step and the liquid effluent cleaning requirements increase 
the internal heat load of food waste plants. This improves the overall energy use 
compared to systems for energy crops. 
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 Unlike thermal treatments, AD does not require measurements of the biogenic 
carbon in its feedstock. The unquestionable renewable nature of its energy outputs is 
not exposed to scrutiny or methodological discrepancies.  
 Unlike the case of thermal treatments, biogenic feedstocks pose less output gas 
cleaning requirements.  
 
3.5 Summary of technology characterisation 
This chapter has reviewed the significance, main technical parameters as well as promises 
and limitations of WtE technology. It clarified that combustion and gasification are 
compared to each other, by virtue of being both energy generation technologies, whereas 
AD, being the only biological treatment that generates energy, is studied on its own. 
Insights are relevant to the appreciation of the research objectives tackled in subsequent 
chapters and especially to identifying factors that might influence the prospects for wider 
deployment of WtE or what might prevent them from fulfilling their potential (Chapters 
6 and 7). 
 It became apparent during this work that there is plentiful academic literature on 
technical elements of the technology (process steps or parts) and significant grey 
literature11 on the justification (or critique) of the technology but not so abundant 
academic literature on technology implementation and local integration within the 
UK context. Addressing this aspect is one of the objectives of this research. Further 
elements of broader systems’ analysis are investigated in Chapters 6 and 7. 
 The established attractiveness of combustion depends on economies of scale; at the 
same time, large scale poses persistent challenges, i.e. the larger the plant the more 
difficult to obtain consent and the more likely to be blamed (not necessarily with 
reason) for lack of strategic flexibility (e.g. preventing deployment of alternatives or 
extended recycling). Its ‘proven-technology’ status and its ability to process mixed, 
untreated waste, helps combustion to compensate for potentially not offering the 
highest efficiencies, for producing slightly higher toxic emissions than alternatives 
(which may be inconsequential) and for the higher difficulty in obtaining consent. 
 Unlike gasification of homogeneous fuels (e.g. coal) gasification of waste is still 
considered an emerging technology and the critical element is the gas cleaning 
                                                        
11 One development in public communications that is particularly welcome is the AD portal 
established by NNFCC provides substantial information on the technology and its 
implementation.   
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required by CCGT equipment, which is where most research and demonstration 
efforts should be directed. Small and medium scales of gasification combined with 
their low heat-to-power ratio present a prospect for being less constrained by having 
to find large, suitable heat off-take loads.   
 In technological transition terms, alternative technologies are starting to be deployed in 
pre-commercial stage thanks to policy support, which means that in the current 
technical limitations are likely to be overcome and viability in the medium-term 
improved. Integration-related limitations are exogenous to the technology and can 
therefore be addressed potentially more quickly. 
 Unlike thermal treatments, anaerobic digestion has two important technical advantages: 
o Because it does not produce similar toxic emissions (e.g. dioxins) it does not 
face the same level of public opposition. The lower complexity of its consent 
process increase its ability to deliver potential benefits. 
o The biodegradable origin of its feedstock makes 100% of its energy output 
eligible for renewable energy support  
 For all three technologies there was no clear dominance of limitations or promises; 
also technical and integration-related issues seemed to be in balanced numbers. The 
technical implication is that there are few remaining areas of development or 
monitoring required.  
o For thermal treatments: gas cleaning 
o For anaerobic digestion: sustained stability of the reactor  
o Good quality control of feedstock to avoid reactor damage 
 
In summary, all three technologies have the technical capability to provide the expected 
benefits in the medium term as long as (i) policy support helps value their contributions 
in the short term, and (ii) careful systems integration for energy and material off-take is 
done within a regional strategy.   
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4. Techno-economic analysis of thermal treatments 
 
4.1 Introduction 
Based on the review of relevant policy (Chapter 2) and of the main technological 
promises and limitations identified in Chapter 3, a set of performance metrics for moving 
grate combustion and fluidised bed gasification has been built. This chapter built 
scenarios to evaluate environmental performance, e.g. material and energy recovery, 
economic performance and policy fulfilment. The chapter concludes with a brief 
discussion of scale and technology choices as they relate to underlying policy conditions. 
 
4.2 Physical inputs into scenarios for thermal treatments 
 
In order to investigate the potential performance in energy generation, landfill avoidance 
and climate change mitigation through thermal treatments, scenarios were created using a 
new combination of existing technical and economic evaluation methods applied 
together to these two technologies. To derive the energetic and environmental potential, 
the main variables were calculated, obtained from reported values in the literature or 
through the work of the Thermal Cluster of the SUE-Waste project. In the following 
sections details are provided about the physical and chemical properties of the feedstocks 
and the technical configurations as well as about the evaluation method employed.  
 
A comprehensive spreadsheet tool was developed to model the behaviour of the 
technology under several configurations and policy combinations.  It estimates  emissions 
and costs by scenario based on assumed waste material flows and, through sensitivity 
analysis, it can explore the effects of a wide variety of assumptions. The modelling 
framework structures different combinations of moving grate incineration, referred to in 
the scenarios as combustion (COM), and fluidised bed gasification, referred to here as 
advanced thermal treatment (ATT). The scenarios examine small and medium scales for 
ATT as well as medium and large scales for combustion.  All thermal treatment scenarios 
were configured to deal with 200 kilotonnes per annum (ktpa) on the basis that at this 
scale they can be part of a technology portfolio able to serve large cities or geographical 
areas of various sizes. The building blocks of the scenarios comprised: 
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i) Large-scale combustion with a throughput of 200 ktpa, abbreviated as COM200.  
ii) Large-scale mechanical-biological treatment with a throughput of 200 ktpa, 
abbreviated as MBT200, co-located with a medium-scale advanced thermal 
treatment plant with a throughput of 100 ktpa abbreviated as ATT100. This 
combination is abbreviated as MBT200+ATT100. 
iii) Medium-scale combustion for 100 ktpa abbreviated as COM100 
iv) Medium-scale mechanical-biological treatment for 100 ktpa abbreviated as 
MBT100, co-located with small-scale advanced thermal treatment for 50 ktpa 
abbreviated as ATT50. This combination is abbreviated as MBT100+ATT50 and 
in one scenario two compound facilities are used to treat the total 200 ktpa. 
v) Final landfill disposal is abbreviated as LNF 
The scales and configurations of each scenario are presented in table 4.1 
Scenario 
 
Scale 
Pre-treatment Thermal process Disposal 
1 1x MBT200 1x ATT100 LNF Medium 
2 N/A 1x COM 200 LNF Large 
3* 1x MBT 200 N/A LNF 
No thermal 
treatment 
4 2x MBT 100  2x ATT 50 LNF Small 
5 1x MBT 100  
1x ATT50 And  
1x COM 100 
LNF Medium & Small  
Table 4.1 Scenario definition and technology combinations 
* Scenario 3 was only included to explore greenhouse gas performance in the absence of thermal 
treatments, hence it is not included in further economic comparisons focused on thermal treatments.  
 
Whilst ATT requires homogeneous feedstock for stable operation, MBT depends on a 
secure treatment route for its SRF output. Thermal treatment plants generate revenue 
from gate fees charged for accepting SRF, from recovered materials they do not need to 
pay to dispose of and from energy recovered. Minimising the risks and costs in addition 
to the transport between facilities, is one of the main motivations to explore further the 
benefits of co-locating MBT and ATT.   Model results are presented using the following 
nomenclature: 
Scenario 1  =  1x (MBT200+ATT100) 
Scenario 2  =  1x COM200 
Scenario 3  =  1x MBT200 
Scenario 4  =  2x (MBT100+ATT50) 
Scenario 5  =  1x COM100 + 1x (MBT100+ATT50) 
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4.1.1 Material and energy balance input data 
The development of the markets for material outputs, in addition to renewable energy 
incentives, influences technology choices and hence the main input parameters. Results 
of interest such as the net renewable energy output and the energy balance depend on the 
lower heating value (LHV) of the feedstock, the efficiency of the thermal treatment stage, 
plant availability time and the efficiency of electricity and heat generation for CHP; they 
were calculated and published by the author in Castillo-Castillo and Leach (2008). As part 
of that work, Ryu calculated calorific values and other properties of MSW feedstock for 
combustion during the SUE-Waste project using data from Porteous (2005), Poll (2003) 
and Garrod (2006) all of which are shown in table 4.2. Similarly, Ryu in Castillo-Castillo 
et al. (2009) used data from Porteous (2005) to estimate that the corresponding 
combustible fraction of MSW consisted of C6H9.600O2.981N0.150S0.009Cl0.059. 
 
Waste composition (%wt) LHV 
(MJ/kg) Moisture Ash C H O N S Cl 
30.00 27.00 23.14 3.09 15.33 0.67 0.10 0.67 8.15 
Table 4.2 Estimated properties and composition of MSW 
 
Properties of the SRF feedstock for gasification such as LHV and proximate and ultimate 
analyses were calculated within the Thermal Treatment Cluster of the SUE-Waste project 
by Yassin in Castillo-Castillo et al. (2009) based on correlations put forth by Channiwala 
and Parikh (2002) and are shown in table 4.3.   
 
Proximate analysis (%wt) Ultimate analysis (%wt daf) 
Fixed 
Carbon  
Moisture Volatiles 
 
Inerts 
 
LHV 
(MJ/kg) 
C H O N S Cl 
10.7 15.8 53.5 20.0 16.0 69.63 5.75 22.25 0.88 0.62 0.87 
Table 4.3 Proximate and ultimate analysis of SRF 
 
Model input values for plant availability and conversion efficiency are shown in table 4.4 
and were calculated within the SUE-Waste project based on data from Porteous (2005) 
and Garrod (2006) for combustion and from Germanà for gasification (Yassin et al., 
2009). Typical combustion plants have maintenance twice a year, each time lasts one or, 
for major maintenance, two weeks. Assuming four weeks of maintenance per year, the 
availability of 92.3% (8088 operational hours per year) was considered.  Plant availability 
for gasification is assumed to be 91%. 
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 Combustion 
100ktpa 
Combustion 
200ktpa 
Gasification 
50ktpa 
Gasification 
100ktpa 
Plant availability 92.3% 92.3% 91% 91% 
Gross electricity 
generation efficiency 
20.3% 23.3% 37% 44% 
Heat generation 
efficiency for CHP 
20% 20% 18%a 20% 
Table 4.4 Coefficients for energy performance 
a. The efficiency of the heat export for CHP for the gasification systems is based on 40% of the potential 
heat generated from the system.  
 
The energy balance of inputs and outputs are summarised in table 4.5 for combustion 
and table 4.6 for gasification.  
 
Energy input/output 100 ktpa 200 ktpa 
Total waste input (ktpa) 100 200 
Heat input from waste (MWh) 226,389 452,778 
Total electricity output (MWh) 46,068 105,497 
Grid export (MWh) 39,618 90,727 
Parasitic load (MWh) 6,450 14,770 
Heat export to district heating (MWh) 45,278 90,556 
Conversion and system losses 135,043 256,725 
Table 4.5 Energy balance of combustion 
 
Energy input/output 50ktpa 100ktpa 
Total waste input (ktpa) 50 100 
Heat input from SRF (MWh) 222,240 444,480 
Gross electricity output (MWh) 82,229 195,571 
Grid export excl. MBT (MWh) 59,923 144,303 
Grid export incl. MBT (MWh) 58,423 141,303 
Parasitic load excl. MBT (MWh) 9,971 21,933 
Parasitic load incl. MBT (MWh) 11,471 24,933 
Heat export to district heating (MWh) 40,910 92,024 
Conversion and System losses (MWh) 111,436 186,220 
Table 4.6 Energy balance of gasification 
 
The mass balance for combustion was calculated as presented in table 4.7. The excess air 
considered for combustion was 60% of stoichiometric air, which yields 8% dry oxygen in 
the combustion gas. Combustion plants are estimated to process their throughput using a 
footprint of 1.7 hectares for the 100 ktpa scale, such as the one to treat part of the 
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arisings in Scenario 5 and 2.0 hectares for the 200 ktpa scale, such as the one used to 
treat all the arisings in Scenario 2.   
 
 
Tonnes per 
tonne 
waste 
Scale  
100 ktpa 200 ktpa 
Air input 4.875 487.5 975.0 
Gas 
output 
CO2 0.848 84.8 169.6 
H2O 0.578 57.8 115.6 
O2 0.426 42.6 85.2 
N2 3.739 373.9 747.8 
Total gas 5.591 559.1 1118.2 
Solid 
output 
Bottom ash 0.215 21.5 43.0 
Metals recovered 0.025 2.5 5.0 
APC residue 0.03 3.0 6.0 
Total  0.27 27.0 54.0 
Table 4.7 Mass balance of combustion 
 
The mass balances for 50 ktpa and 100 ktpa gasification installations listed in table 4.8 
were calculated from a ChemCAD simulation by Yassin et al. (2009) based on data on 
waste properties and the plant availability. The main process characteristics studied 
within the SUE-Waste project were obtained by Yassin et al. (2009) based on one 
configuration by the firm Germanà & Partners in which the comparatively high resulting 
fly ash fraction is due to the separation of materials in the pre-treatment stage.  
 
 
Tonnes per 
tonne input 
Scale 
50 ktpa 100 ktpa 
Air input 2.178 108.9 217.8 
Gas 
output 
CO2 1.717 85.9 171.7 
H2O 0.526 26.3 52.6 
O2 1.323 66.2 132.3 
N2 8.688 434.4 868.8 
Total gas 12.255 612.7 1,225.5 
Solid 
output 
Bottom ash 0.06667 3.333 6.667 
Metals recovered   - - 
APC residue 0.13333 6.667 13.333 
Total  0.2 10.000 20.000 
Table 4.8 Mass balance of gasification 
 
It is assumed that most metals are recovered in the pre-treatment step through the MBT 
process. In a typical Ecodeco® MBT process, the input waste is converted into the 
following outputs (Shanks, 2007):  
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 25%  H2O  +  CO2   (10%) 
 50% SRF, which is either landfilled or sent to dedicated ATT plants 
 3% Ferrous metal 
 11% Glass and stone 
 10.5% Compostable  
 0.5% Non-ferrous metal 
 
4.1.2 Land requirements 
The estimated land requirement for combustion plants processing a throughput of 100 
ktpa is 1.7 hectares. For the 200 ktpa combustion plant scale, the estimated land 
requirement is 2.0 hectares. Gasification plants are estimated to have a footprint of 1.0 
hectare for the 50 ktpa scale as in the case of the plant co-located with the MBT100 in 
one combined installation in Scenario 5 and in two combined but separate installations in 
Scenario 4. Similarly, 1.5 hectares are estimated for gasification at the 100ktpa scale such 
as the plant co-located with the MBT200 facility to treat all the arisings in Scenario 1. 
 
4.1.3 Transport assumptions 
Life-cycle thinking is important in preparation for technology decisions to avoid system 
sub-optimisation, e.g. underestimating additional transport impacts (Björklund, 2007). 
Transport related emissions were calculated based on assumptions about indicative 
distances between stages from transfer station through to final residue disposal. These 
assumptions were validated with the industrial WMC partner of the SUE-Waste project 
(Riley, 2008). A logical initial benefit of smaller scales would be the requirement of a 
smaller catchment area and hence less transport impacts. For the calculation of transport 
related emissions it was assumed that diesel contains 0.73kg of carbon per litre which 
equates to emissions of 2.67kgCO2 per litre of diesel (USEPA, 2005).  The average fuel 
consumption assumed for refuse collection vehicles (RCVs) is 1.5km/litre (Jacobs 
Babtie, 2005).  Table 4.9 contains the assumptions for trip distances within the model. 
All other parameters were evaluated based on a system boundary primarily focused on 
the thermal processes themselves. 
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Trip description Km 
Transfer station to MBT100+ATT50 4.5 
MBT100+ATT50 to aggregate market 18 
MBT100+ATT50 to landfill 10 
Transfer station to COM100 7.5 
COM100 to aggregate market 18 
COM100 to landfill 15 
Transfer station to MBT200+ATT100 6 
MBT200+ATT100 to aggregate market 20 
MBT200+ATT100 to landfill 12 
Transfer Station to COM200 10 
COM200 to aggregate market 20 
COM200 to landfill 18 
Table 4.9 Illustrative and generic distance assumptions 
 
4.2 Economic input data  
Input values needed for economic analysis were obtained by necessity from a very wide 
range of sources. The comparatively recent application of gasification technology to 
heterogeneous feedstocks following a pre-treatment stage makes financial information 
about pre-commercial technologies scarce and often confidential. Thus, a combination of 
literature sources and input from industry contacts facilitated through the SUE-Waste 
consortium formed the basis for further calculations and final cost estimations. The 
principal aim of these calculations resides in building the analysis framework with its 
constituting questions and data elements to inform decisions. They are not intended to 
provide categorical judgments. It was deemed more appropriate to focus on sensitivities 
and driving factors, as the methodology can be used with updated data when they 
become available. 
 
4.2.1 Cost profile assumptions 
Capital cost values presented in table 4.10 for combustion and gasification plants account 
for heat generation and export equipment. Assumptions relating to MBT were based on 
an Ecodeco® MBT process, where 50% of the raw waste input is processed into SRF 
(AiIE, 2003). The maintenance component was estimated by the Thermal Cluster in the 
SUE-Waste project and is calculated as 3% of capital costs for combustion and 11% of 
capital cost for gasification with provision for adequate cleaning of syngas required by 
the gas turbine (Yassin et al., 2009; Castillo Castillo et al., 2009).  The assumed values 
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were considered to represent an appropriate reflection of feasible ranges at the time of 
writing (Castillo Castillo et al., 2009).   
 
 
 Combustion Gasification 
100 ktpa 200 ktpa 50 ktpa 100 ktpa 
Capital cost £m     (£/tpa) 59.6 (596) 90.3 (451.5) 16.0 (320) 25.8 (258) 
Capital cost incl. MBT £m 
(£/tpa) 
N/A N/A 35.2 (704)
a
 54.8 (548)
b 
Operating cost of full or MBT 
co-located facility £/tpa 
32.2 24.4 61 56 
Maintenance £m per year 1.79 2.71 1.4 2.8 
Labour £m per year
c
 0.90 1.63 0.58 0.86 
Operating cost of MBT £/tpa 
N/A N/A 36 31 
Table 4.10 Cost profile of combustion and gasification scales 
a. Including co-location with a MBT facility for 100 ktpa 
b. Including co-location with a MBT facility for 200 ktpa 
c. Non-linear scaling up due to scale economies and some core expertise required, e.g. start-up control, 
irrespective of scale.  
 
4.2.2 Incentive dependent revenues  
One key aspect studied is the extent to which exploiting the overlap between the waste 
management and energy industries can enable new technology to deliver efficiency 
improvements. Part of the scenario comparison consists of analysing the independent 
ability of the technology to deliver environmental and economic benefits with limited or 
no policy support. Subsequently, combinations of policy incentives were incorporated to 
address the market failures. 
 
The instruments included in the analysis are the Renewable Obligation Certificates 
(ROCs), and the Climate Change Levy Exemption Certificates (LECs) introduced in 
Chapter 2. The biogenic content of MSW, which determines the portion of the energy 
output that counts as renewable was assumed to be 68% (Defra, 2006; Defra 2010). The 
reference displaced heat generation option is a 1MW heat-only plant that emits 840 
tCO2/yr.  It assumes a capacity factor of 40% as a small residential district heating 
application such as council housing, which corresponds approximately to a price of heat 
of 2p/kWh (Jablonski, 2008).  The assumptions for potential revenue attracted by energy 
outputs and the potential incentives under support-based scenarios are summarised in 
table 4.11. 
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Output £/MWh 
Heat a 20 
Electricity b 30 
LECs c 4.4 
ROCs d 35 
Table 4.11 Key price variables for energy outputs 
a. Assuming the competing source of heat supply is a 1MW heat-only natural gas boiler. 
b. AEA Technology, 2006 
c. Ofgem, 2007a 
d. Ofgem, 2007b 
 
In order to integrate LECs into the revenues streams, the income generated by this 
instrument was calculated as shown in equation 4.1. 
 
                                 
Equation 4.1 
 
Where SE denotes sales of electricity in kWh; WB indicates the biogenic fraction of the 
waste and hence of eligible electric output; and ULEC is the unitary value of LECs in 
£/MWh. 
 
The contribution of the income from ROCs to total recurring revenues was calculated 
using equation 4.2. 
 
                                           
Equation 4.2 
 
Where SE denotes sales of electricity in kWh; WB represents the biogenic fraction of 
waste and hence of eligible electric output; UROC is the unitary value of ROCs in £/MWh; 
and eROC is the number of ROCs for which each technology is eligible per MWh of 
renewable electricity sold.  
 
4.2.3 Revenues independent from support 
Through the creation of standards, the needs of industrial processes can be addressed; at 
the same time post-treatment residues, e.g. SRF and inert bottom ash, can generate value 
for the treatment plant and the re-processor.  Table 4.12 outlines the economic 
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assumptions for the physical outputs.  Items in italics represent negative values or costs 
of disposal.   
Output £/tonne 
Recyclable bottom ash a 7 
Recovered metals b 10 
Charge for fly ash sent into special landfill (excluding UK 
landfill tax) c 
80 
Charge for non-recyclable bottom ash or residue sent to 
landfill (excluding UK landfill tax) d 
24 
Table 4.12 Value assumptions for system products 
a. WRAP, 2006 
b. Enviros, 2005 
c. Based on a full disposal charge of £104 per tonne of APC residue. See Landfill Tax Escalator under 
Chapter 2 (Jacobs Babtie, 2005) 
d. Based on a full disposal charge of £48 per tonne (Jacobs Babtie, 2005)  
 
Additional financial data include a gas price for 2010 at 42p/therm and a coal price for 
2010 £30/tonne (DTI, 2007a), carbon intensity of gas-fired electricity at 0.408 
kgCO2/kWh (BWA, 2006) and carbon intensity of coal-fired electricity at 0.939 
kgCO2/kWh including mining and transport (Woods et al., 2006). Commodity and 
energy prices are variable in present conditions, and it follows that the relative 
attractiveness of energy outputs from waste will tend to increase if the long-term upward 
trend in oil and gas prices continues. This global trend in energy economics will become 
even more relevant by the time that plant being built within the next five years reaches 
the end of their life time. The implication would be that the framework conditions for 
the following generation of plant will likely be more favourable for nationally-sourced, 
predictable, non-intermittent energy with an important renewable component. Detailed 
study of global energy economics and geo-political trends, however, remains outside of 
the scope of this thesis. Economic and political developments internal or directly 
applicable to UK energy policy are addressed in Chapters 6 and 7. 
 
4.2.4 Investment appraisal assumptions 
In addition to costs, important financial assumptions include the project lifetime for all 
technologies of 30 years and a base-case discount rate of 6% chosen as a mid-range value 
between the 3.5% required for use in UK public sector evaluations or the 4% used by the 
European Commission (Holland, 2007) and higher commercial rates of 10 to 14%.  
Although one study commissioned by the Greater London Authority (Hogg et al., 2007) 
purported to align base-case calculations to the recommendation in HM Treasury Green 
Book to apply decreasing discount rates, this practice was found to make a difference 
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only for scenarios with a time scale longer than 30 years and was considered unusual in 
light of common practice in other studies (Holland, 2007).  Project life times, the 
likelihood that projects will be increasingly driven by private companies and the possible 
variations in actual rates chosen justify the inclusion of discount rate as a key parameter 
in the sensitivity analysis performed in this Chapter.   
 
The main financial metrics for thermal treatment projects are the Net Present Value 
(NPV), the Internal Rate of Return (IRR) and the gate fee.  The NPV denotes the 
current worth of the difference between the stream of initial and recurring outlays and all 
the revenue streams, in some cases including gate fees, over the lifetime of the project 
and is obtained though Equation 4.3. 
    ∑
       
(   ) 
  
   
       
Equation 4.3   
Where RR represents all streams of annual recurring revenues; for combustion scenarios 
these include: sale of recyclable bottom ash, electricity revenue, heat revenue, revenue 
from LECs, revenue from ROCs and, in some scenarios, income from gate fee; for 
gasification scenarios these include: the same as incineration plus sale of recyclate 
obtained in the MBT step.  CR represents the total annual recurring costs; for combustion 
scenarios these include:  operational and maintenance expenditure, costs of disposing 
APC residues to hazardous waste landfill and transport costs; for gasification scenarios 
these include: the same as incineration plus the costs of disposing MBT reject material to 
conventional landfill.  CCAP is the total plant cost or capital expenditure of the main 
thermal treatment equipment, excluding, for this study, building and land costs. And, 
finally, i denotes the discount rate. 
 
The IRR is a measure of economic performance, which denotes what would be the 
discount rate that would make the NPV equal to zero.  The gate fee is defined as the 
amount that a plant operator needs to charge per tonne of processed feedstock to cover 
all investment and operating costs and, for the purposes of this thesis, make a 20% 
profit, after taking into account the discounted flow of all revenue sources. A gate fee 
was calculated for each scenario as the common price signal perceived by the market 
where local authorities need to seek the lowest possible cost of treatment. Variations of 
support and their interplay with the landfill tax escalator over time added complexity to 
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the levels of gate fee, because it is an important income source in its own right, which 
can substantially affect profitability. To enable comparison of the effect of variations in 
other parameters, a dedicated set of calculations was carried out with a fixed gate fee.  
 
The economic importance of co-locating MBT with gasification resides in the ability to 
by-pass the gate fees that would otherwise need to be paid to a third-party SRF 
processor. Whether the uptake route is a cement kiln, an incinerator or a gasification 
facility, a commercially attractive gate fee must be paid to secure the outlet for the 
material. Different up-takers, e.g. cement kilns vs. a gasification plant, may charge 
different levels of gate fee but they still expect to obtain a meaningful revenue stream. 
The trade-off for up-takers is the balancing of SRF combustion characteristics affecting 
the efficiency of their furnaces and emission control systems, which compels them to 
control closely the composition and calorific value of their fuel mix (Hahn, 2004).   
 
4.3 Comparison of results between thermal treatments 
Part of the costs and risks of any technology are related to the environmental emissions 
that are not captured as manageable residue.  The results in this section illustrate key 
policy issues and opportunities that open up for each scenario.  
 
4.3.1 Comparison of landfill diversion and energy recovery 
Understanding the physical effects associated with all scenarios helps to appreciate the 
relevance of scale. Landfill diversion and energy generation create a symbiosis that can 
make new technology economically viable as improvements in one can represent benefits 
in the other. Figure 4.1 depicts net electricity production and landfill diversion amounts 
for each scenario. The main observation consists of the trade-offs between Scenario 1 
MBT200+ATT100 and Scenario 2 COM200: 
i) In diversion terms, while Scenario 2 COM200 achieved the highest performance 
and Scenario 1 MBT200+ATT100 the third highest performance, the difference 
amounts to less than 1/6th of total diversion 
ii) In electricity production terms, Scenario 1 MBT200+ATT100 achieved the 
highest performance and Scenario 2 COM200 achieved the fourth and lowest 
performance of all the energy generating scenarios. In addition, the achievement 
of Scenario 1 relative to Scenario 2 is nearly double. 
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iii) The extent to which renewable energy and material recovery are valued in societal 
and market terms will determine how attractive gasification technology becomes 
and the (perceived and real) risks associated with its novelty mitigated. 
 
 
Figure 4.1 Electricity generation and landfill diversion 
 
As Figure 4.1 reveals, due to higher efficiency, the small-scale 50 ktpa gasification plant 
generates 33% more electricity than the medium-scale combustion plant with 100 ktpa 
capacity. At the same time, ATT50 generates only 13% more gross emissions due to the 
more intensive use of air and oxygen and to additional emissions from the MBT process 
step. Thus, although ATT exhibits lower carbon intensity, i.e. emissions per kWh, overall 
emissions based on the 100 ktpa are higher for the co-located MBT+ATT facility than 
for combustion. Therefore, the relative attractiveness of ATT can hinge on what 
difference is more highly valued: the higher yield or the higher emissions including pre-
treatment and after considering the lower carbon intensity. (From a macro-economic 
perspective, low carbon intensity can be considered more desirable, as explained in 
Chapter 2.)  
 
Overall, the highest electrical output was obtained from gasification-only Scenario 1 with 
121,289 MWhe whilst the combustion-only Scenario 2 produced the lowest electrical 
output with 90,727 MWh. Scenario 4 including small-scale gasification produced the 
second highest electrical output, implying that ATT could offer the potential for high 
electrical output at highest efficiency and lowest carbon emissions per unit of energy. In 
terms of heat production, scenarios comprising ATT displayed the highest variability; 
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Scenario 1, generated the highest output with 92,024 MWhth and Scenario 4 obtained the 
lowest output with 81,820 MWhth.  Table 4.13 summarises energy efficiency and the heat-
to-power ratio for both technologies at the two respective scales studied. The breakdown 
of heat and electricity output has been presented in tables 4.5, 4.6 and 4.18. 
 
 Electrical 
efficiency 
HTPR 
ATT50 22.17% 0.74 
COM100 17.50% 0.98 
ATT100 24.38% 0.76 
COM200 20.04% 0.86 
Table 4.13 Energy efficiency and heat-to-power ratio 
 
Subsequent parts of the thesis discuss the benefits and challenges of using the heat 
output. For the purposes of this section, whilst it is clear that being able to find an uptake 
route for heat improves the economics of an installation, the main challenge still consists 
in achieving proximity to the uptake route with the appropriate heat load profile. It 
becomes apparent that the weight of this challenge can be alleviated to the extent that a 
waste-to-energy facility has a low heat to power ratio. The result would be the ability to 
maximise the electric output sold to the grid along with the lowest imperative need to 
find a matching heat load.  
 
4.3.2 Comparison of environmental emissions 
The main emissions of combustion other than CO2 have been characterised based on 
data from the Sheffield incinerator obtained by Ryu in Castillo Castillo et al. (2009) and 
then scaled linearly based on the modularity of plants and are presented in Table 4.14. 
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Emission 
2006 Sheffield  
emission data 
g/tonne 
input 
100 ktpa  
 (kg) 
200 ktpa  
 (kg) 
Particulate 2.09 mg/Nm
3
 10.176 1,017.6 2,035.2 
Total organic carbon 0.8475 mg/Nm
3
 4.126 412.6 825.3 
HCl 9.2575 mg/Nm
3
 45.074 4,507.4 9,014.7 
HF 0.0171 mg/Nm
3
 0.083 8.3 16.7 
CO 3.65 mg/Nm
3
 17.771 1,777.1 3,554.3 
SO2 1.215 mg/Nm
3
 5.916 591.6 1,183.1 
NOx 164.65 mg/Nm
3
 801.662 80,166.2 160,332.4 
NH3 5.155 mg/Nm
3
 25.099 2,509.9 5,019.8 
Cd and Th 0.0029 mg/Nm
3
 0.014 1.40 2.80 
Hg 0.00365 mg/Nm
3
 0.018 1.80 3.60 
Other metals 0.078925 mg/Nm
3
 0.384 38.4 76.9 
Dioxins/furans 0.028875 ngTEQ/Nm
3
 0.0000001 0.0000141 0.0000281 
PAHs 0.200825 μg/Nm
3
 0.00098 0.0978 0.196 
Table 4.14 Environmental emissions of combustion 
 
Emissions estimates for gasification are based on data from Enviros et al. (2004) and 
presented in Table 4.15. 
 
Emission 
g/tonne 
input 
50ktpa scale  
(kg/tonne) 
100ktpa scale  
(kg/tonne) 
Particulate 12 600 1,200 
Total organic carbon  11 550 1,100 
HCl 32 1,600 3,200 
HF 0.34 17.00 34.00 
CO N/A N/A N/A 
SO2 52 2,600 5,200 
Nox 780 39,000 78,000 
NH3 N/A N/A N/A 
Cd and Th 0.0069 0.345 0.690 
As 0.06 3.00 6.00 
Hg 0.069 3.45 6.90 
Dioxins and Furans 0.00000005 0.0000025 0.0000050 
Ni 0.04 2.00 4.00 
Table 4.15 Environmental emissions of gasification 
 
Greenhouse gas emissions are a function of the mass balance and the distances over 
which waste feedstock and ash residues need to be transported. Annual transport 
distances by scenario are shown in Fig 4.2, which shows that the non-energy-producing 
Scenario 3 MBT200 generates nearly 100% more transport requirements than Scenario 1 
and Scenario 2. This situation was the underlying reason for the introduction of the first 
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combustion facilities, which were used mainly as volume reducers. After little volume 
reduction in Scenario 3, all non-recyclable material must be conveyed to the landfill site 
at less than optimal densities and less than perfect stabilisation.  
 
 
Figure 4.2 Overall transport distances 
 
The empirical purpose of Scenario 1 MBT200+ATT100 is to facilitate the best possible 
use for different fractions of the waste stream, e.g. to enable anaerobic digestion of the 
segregated biodegradable fraction and recycling of the metal recovered during the MBT 
step. Its benefits have ramifications into the life-cycle of materials recovered and sent to 
re-processing markets where they displace the energy-intensive production of new 
materials such as aluminium. Assumptions have not been made regarding the carbon 
performance of materials in re-processing markets and their eventual re-entry to the 
waste treatment chain. Amongst the thermal technologies analysed, the 200 ktpa 
combustion facility deployed in Scenario 2 COM200 delivers the lowest process 
emissions although it incurs larger transport emissions than the scenarios including 
gasification.  
 
Values for Scenario 3 MBT200 show the emissions from the stand-alone MBT 200ktpa 
process to appreciate the proportion of emissions from advanced thermal treatments 
included in the other scenarios. The combination within Scenario 4 of two compound 
facilities, consisting of MBT100 plus ATT50, generates the lowest transport emissions 
due to proximity to the sources of waste and markets for outputs. Scenario 5, which 
consists of a compound facility MBT100 + ATT50 and a COM100, generates less 
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process CO2 than Scenario 4 because it involves less processing by MBT. In total, 
however, Scenario 2, with large-scale combustion through COM200, generates 170,747 
tCO2eq per annum, which are the lowest combined process and transport CO2 emissions 
amongst the thermal treatment scenarios. The total emissions from transport and 
treatment processes, excluding displaced electricity, are compared in Figure 4.3. 
 
 
Figure 4.3 Gross carbon dioxide emissions across the scenarios considered 
 
Previous studies on fossil fuel-derived electricity displaced by thermal treatment of waste 
have prompted a debate over which type of electricity generation is assumed to be 
substituted (Eunomia, 2006).  Although it is reasonable to assume that waste-fired 
generation acts as base or medium-load generation, attempts to define a single marginal 
emissions factor are beyond the scope of this research. On the other hand, it was 
considered instructive, particularly in the context of energy security, to present a fuel by 
fuel comparison. 
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Scenario 
MBT200 + 
ATT100 COM200 
2 (MBT100 + 
ATT50) 
COM100 + 
(MBT100 + 
ATT50) 
CO2 emitted from 
process & transport 
(tpa) 
192,841 170,748 192,575 181,661 
Net CO2 contribution 
with coal displacement 
(tpa) 
78,950 85,554 89,285 92,815 
Net CO2 contribution 
with gas displacement 
(tpa)  
143,335 133,716 147,677 143,042 
Table 4.16 Net CO2 contribution excluding heat use 
 
Table 4.16 summarises the emissions displaced assuming that the marginal plant affected 
is either average UK coal-fired plant (Woods et al. 2006) or UK gas-fired plant (BWEA, 
2006).  For Scenario 3, for instance, the non-energy producing, stand-alone MBT200ktpa 
plant has a net electricity demand of 6,000MWh. If that consumption were supplied by 
average coal-fired plant, the emissions would be 5,634 tCO2eq per annum or 2,449 tCO2eq 
per annum if it were supplied by average gas-fired plant (DTI, 2006). 
 
Process emissions incurred in energy generation before and after accounting for export 
of heat are compared in Figure 4.4. The annual emissions displaced are shown assuming 
coal and then gas-fired generation as the reference system. No values are depicted for 
Scenario 3, as it comprises only MBT, involves no thermal treatment and does not 
generate energy outputs. 
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Figure 4.4 Carbon dioxide emitted and displaced 
 
Scenario 5, comprising a combined facility MBT100 plus ATT50 in addition to a separate 
COM100 facility generates 181,691 tCO2eq per annum, the second lowest emissions level 
before accounting for energy displacement. Between the two scenarios deploying only 
advanced thermal treatment, Scenario 4, comprising two combined facilities MBT100 
plus ATT50, achieves lower combined CO2 emissions by virtue of reduced transport 
requirements and its proximity to feedstock.     
 
Large-scale combustion generates the lowest combined CO2 emissions from thermal 
treatment of 200 ktpa of MSW. However, when displacement of emissions from 
conventional power generation is taken into account, the higher energy recovery 
efficiency through gasification and the greater level of emissions displaced make its net 
global warming contribution lower than that in scenarios including combustion, when 
coal is assumed to be the displaced fuel. When gas-fired generation is displaced, the 
global warming contribution of the options including combustion is lower. The net 
contribution to global warming is the result of adding transport and process emissions 
and subtracting the emissions avoided by supplying energy without fossil fuels.  
 
Table 4.17 illustrates how the use of heat is favourable to both technologies. The 
MBT200 + ATT100 benefits slightly more from the inclusion of heat, exhibiting lower 
emissions than for the scenario combining small-scale gasification and medium-scale 
combustion even with the assumption of gas-fired generation displacement.  The 
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performance of small-scale ATT is linked to the whole material life cycle, which 
determines overall attractiveness after considering all financial incentives for renewable 
energy and materials recovery.  
 
  
MBT200 + 
ATT100 COM200 
2 (MBT100 + 
ATT50) 
COM100 + 
(MBT100 + 
ATT50) 
CO2 emitted from 
process & transport 
after heat use (tpa)  
172,596 150,825 174,574 162,700 
Net CO2 contribution 
with coal displacement 
(tpa) 
58,705 65,633 71,284 73,854 
Net CO2 contribution 
with gas displacement 
(tpa)  
123,090 113,794 129,676 124,080 
Table 4.17 Net CO2 contribution including heat use 
 
Avoided energy for extraction of virgin materials and avoided electricity transmission 
losses improve the life-cycle performance of small-scale technology further than the 
results reported here, as this investigation focuses on thermal treatment comparisons. 
Although it is beyond the scope of this thesis, the importance of energy, water and other 
resources embedded in recovered materials justifies performing further work linked with 
recycling studies and detailed LCA of separate material streams to provide useful 
additional insight. Material recovery totals and energy outputs within the scope of this 
work are summarised in Table 4.18. 
 
  
MBT200 + 
ATT100 COM200 
2x (MBT100 + 
ATT50) 
COM100 + 
(MBT100 + 
ATT50) 
Electricity output kWh 121,289,000 90,727,000 110,000,000 94,618,000 
Heat output kWh 92,024,000 90,556,000 81,820,000 86,188,000 
Material recovered 
tpa 
56,800 48,060 56,800 52,430 
Table 4.18 Energy and material output from thermal treatment 
 
Assuming coal-fired plant as displaced generation, gasification has lower net carbon 
dioxide emissions than combustion in both scales. Assuming gas as the displaced fuel, 
combustion has lower carbon dioxide emissions than gasification. Before accounting for 
displaced fossil-fuelled energy generation emissions, combustion scenarios produce lower 
emissions than gasification plus MBT. Two important facts help to interpret this finding 
from a more broader perspective: the first is that the actual thermal treatment reactors 
are substantially smaller in the gasification scenarios; and, second, total electrical output 
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per unit of waste feedstock is greater in gasification scenarios implying a lower carbon 
intensity per unit of energy exported. The carbon intensity of electrical output across 
technologies and scales was found to be: 
 Gasification –  For ATT100 1.357 kgCO2/kWh;   for ATT50 1.641 kgCO2/kWh 
 Combustion – For COM200 1.869 kgCO2/kWh; for COM100 2.140 kgCO2/kWh  
 
 As a result, scenarios including gasification are more sensitive to changes in the energy 
displaced and to valuations of carbon emissions, as will be explored in Chapter 7. This 
relationship illustrates neatly the complexity of technology decisions, as the gasification 
plant studied here would improve its emissions performance at higher scales, although its 
modularity and efficiency are arguments in favour of deployment at smaller scales. These 
tensions and similar market pressures are the subject of analysis in Chapters 6 and 7. 
 
In the short term, displacement of conventional generation will remain a point of focus 
in policy formation. Detailed analysis and monitoring of the integration of waste-derived 
electricity into the distribution system is justified for three reasons: it can be dispatched 
in a predictable and steady way; arisings of waste are not intermittent; and the technical 
or market experience will increase as more installations in more distributed settings are 
deployed.  
 
Looking further into the future, the mix of fuels considered as displaced by waste can be 
inferred to evolve in complex ways linked to the economics and politics of those 
commodities. Gas burns more cleanly but it is scarcer and more expensive than coal and 
the future energy mix of new and renewable energy sources, clean-coal and nuclear 
energy will likely have a different impact on assessments of greenhouse gas emissions. As 
accountability for emissions increases, the importance of technologies that emit less 
carbon per unit of energy generated will become more compelling. It is suggested here, 
however, that in the medium term, around the half of this century, a comparison of 
carbon dioxide emissions with coal and gas might no longer be meaningful. Instead, the 
cost and impacts of dealing with ATT or combustion ash residues may need to be 
compared with those of dealing with waste residues from nuclear energy as well. 
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4.3.3 Landfill tax savings 
A concern for local authorities is the potential penalties of £150 per tonne in excess of 
the biodegradable waste landfill allowance (Harrogate Borough Council, 2006).  Also, the 
amount of landfill tax for which they could be liable in the absence of alternative 
treatment is an important element in waste management decisions. It is worth noting that 
whilst in addition to different levels of landfill avoidance, the level of re-usable materials 
recovered can vary significantly; therefore both indicators must be considered carefully in 
every evaluation. Figure 4.5 shows the total savings of landfill tax resulting from 
discounted tax streams.  Scenario 2 displays the highest landfill tax saving although it 
achieves the lowest re-usable material recovery. 
 
 
Figure 4.5 Discounted landfill tax flow savings 
 
4.3.4 Eligibility and impact of renewable energy support 
As a result of applying the incentives described in Section 4.2.2 under varying policy 
assumptions different levels of support can be identified. Figure 4.6 illustrates the annual 
flow of support applicable to each scenario under ‘initial’ (low) and ‘improved’ (high) 
assumptions. Scenario 1 could attract over £120 million per annum in ROCs. The 
electrical output of the scenario is 121,289 MWh per annum of which 82,477 MWh 
count as renewable energy towards national targets. Scenario 3, by contrast, yields no 
eligible output.  
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Figure 4.6 Amount of eligible support under varying policy assumptions 
 
Gate fee changes in response to initial and improved policy support are reflected in 
Figure 4.7. Scenario 3, which does not generate energy requires the highest gate fee. 
 
 
Figure 4.7 Gate fees required under varying policy assumptions 
 
It becomes apparent that scenarios including ATT improve their position significantly 
under increased support. Thus, their competitiveness can be seen to depend strongly on 
policy assumptions. As mentioned before, full appreciation of the environmental merit of 
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ATT can only be achieved by examining a wide range of effects at the private and 
societal levels.  For example, by co-locating ATT with MBT it is possible to channel 
materials to fraction-specific recovery with a positively life cycle effect. In this way it is 
conceivable that anaerobic digestion could also be co-located to take advantage of 
feedstock requirements for one technology to improve feasibility of the other.    
 
Table 4.19 presents financial indicators for the technology building blocks of the 
scenarios. It is worth noting that the gate fee is the competitive measure from the 
perspective of the local authority paying for waste disposal. Operators attracting more 
environmental policy support needed a lower gate fee. The effect of increased policy 
support is shown in Table 4.19.  From an investor perspective, it is useful to compare 
performance based on an exogenously defined gate fee applied to all technologies. The 
assumption is that an investor operates in a competitive environment where they are a 
‘price-taker’, having to accept a gate fee dictated by what operators would charge 
prospective clients, and thus seeking the most cost-effective treatment system for that 
given revenue stream. 
 
 COM 100ktpa COM 200ktpa MBT100 + 
ATT50 
MBT200 + 
ATT100 
Set gate fee £ per tonne 
processed 
£70.00 £70.00 £70.00 £70.00 
Internal Rate of Return  
(initial support) 
8.3% 14.4% 7.4% 16.2% 
Internal Rate of Return  
(increased support) 8.8% 15.0% 11.9% 22.5% 
Net Present Value £/tpa 
(initial support) £155.56 £459.38 £54.66 £342.51 
Net Present Value £/tpa 
(improved support) £188.01 £496.53 £246.05 £573.97 
Table 4.19 Financial indicators by scale with set gate fee 
 
An exogenously-defined gate fee of £70/t which competes favourably with an estimated 
conventional landfill gate fee of e.g. £64/t in 2009-10 (£24 operator charge plus £40 
landfill tax) and £72/t in 2010-11 (£24 operator charge plus £48 landfill tax), shows  the 
impact of applying increased renewable energy support. Instead of being intended as 
definitive project appraisal, these calculations are rather meant to enable rapid 
comparison of key elements between a wide set of options. It becomes apparent that 
small scales are less attractive financially. Medium-scale combustion yields a modest 
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improvement in NPV between initial and improved support whereas gasification reflects 
a significant improvement in NPV with additional support.  At the 200 ktpa scale there is 
a stark difference in financial performance between combustion and MBT plus 
gasification.  
 
Further project appraisal would be required to fully understand how the relative risks of 
these technologies might be viewed by potential investors. Given that the MBT+ATT 
option benefits strongly from improved policy support – justified by the value attached 
to low carbon electricity - it could become interesting for private sector investors if 
policy instruments internalise the desirability of higher efficiency and lower carbon 
intensity. The implication of efficiency-linked policy support, e.g. similar to the Dutch 
scheme, is one of the aspects analysed in Chapter 7.12 
 
It has been observed that future cost reductions for ATT depend on several market and 
technological developments. It is evident that reduction of APC residues sent to special 
landfill could reduce costs. Hazardous waste landfills charge a higher gate fee than 
landfills for non-hazardous active waste due to the more stringent environmental 
standards they meet.  Alternative gasifier designs exist where fly ash is re-circulated and 
melted (UCR, 2009). Such designs are already deployed in Japan and produce a level of 
fly ash for final disposal as low as 2% of SRF input into ATT (Themelis, 2007), which 
equates to 1% of the input to a co-located MBT and ATT facility. 
 
The study of market development and the possible effects of learning-by-doing are not 
within the scope of this work but are subjects that merit further research and monitoring. 
National market uptake is likely to have a more decisive impact in the near term by 
lowering the perceived technology risk and by enabling the use of other synergistic 
technologies.  
 
4.4 Overall scenario analysis and discussion 
Analysis in previous sections helped to from a picture of results relevant to the decisions 
of Local Authorities. In Table 4.20 they include some Best Value Performance Indicators 
                                                        
12 The Dutch scheme Stimulering Duurzame Energieproductie (for the promotion of sustainable 
energy generation) has an escalating support tariff of €/MWh linked to the overall efficiency of 
waste-to-energy plant  
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(BVPIs)13. For instance, standards on recycling and composting for 2007/08 set a 
minimum performance level of 20% of arisings throughout England. The government is 
considering the development of a waste-related greenhouse gas emissions indicator at 
local authority level (Defra, 2007a). In particular, BVPI 82c(ii), was an important driver 
for technology diversification as it monitored the tonnage sent to heat and power. 
 
It is worth noting that, in addition to results published by Castillo Castillo et al. (2009) 
summarised in Table 4.20, technology choices must be informed by socio-technical 
dynamics within the local area. Alexander (2007) pointed out within the SUE-Waste 
project that “technical solutions do not fail because of poor underlying science, but 
because they are poorly embedded in social systems.” 
 
                                                        
13 The BVPIs available at the time of writing were supplanted subsequently by National 
Indicators (NIs), however BVPI 82a (recycling), BVPI 82b (composting) and BVPI 82c (heat and 
power recovery) seem to have been bundled into NI 192. Therefore, the BVPI nomenclature has 
been preserved for disaggregated illustrative purposes. 
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Scenario summations Scenario 1 
MBT200 + ATT100 
Scenario 2 
COM200 
Scenario 3 
MBT200 
Scenario 4 
2x (MBT100 + 
ATT50) 
Scenario 5 
MBT100 + ATT50; 
COM100 
CO2 from process (tCO2eq) 191,700 169,600 20,000 191,700 180,650 
CO2 from transport (tCO2eq) 1,141 1,148 2,156 875 1,011 
Total Capital cost (£m) 54.80 90.30 29.00 70.40 94.8 
Gate fee      
    no ROCs  (£/t)  43.95 88.51  (COM) 70.44 
   1/4  ROC  (£/t)  40.71   (COM) 67.61 
   single ROC no recycling revenue  (£/t) 55.75   79.88  79.88  
   double ROC no recycling revenue  (£/t) 35.57   63.19  63.19  
   single ROC with recycling revenue  (£/t) 54.14   79.24  79.24  
   double ROC with recycling revenue  (£/t) 33.96   62.55  62.55  
Electricity output kWh 121,289,000 90,727,000 No output 110,000,000 94,618,000  
CO2eq emissions per kWh      
   Electricity-only (kgCO2/kWh) 1.58 1.87 N/A 1.74 1.91 
   Incl. heat displacement (kgCO2/kWh) 1.14 1.65 N/A 1.58 1.71 
Displaced emissions      
   Coal-fired generation (tCO2eq) 113,890 85,193 N/A 103,290 88,846 
   Gas-fired generation (tCO2eq) 49,506 37,031 N/A 44,898 38,620 
Displaced fuel      
   Tonnes Coal/yr 44,555 33,328 N/A 40,408 34,758 
   Million m3Gas/yr 22.28 16.66 N/A 20.20 17.38 
   £ of coal 1,336,654 999,849 N/A 1,212,245 1,042,729 
   £ of gas 3,866,464 2,892,205 N/A 3,506,592 3,016,243 
Total MSW diversion (tpa) 172,800 194,060 86,400 172,800 183,430 
Discounted flow of Landfill Tax saved (£m) 159.8 186.28 98.35 159.80 173.03 
BVPI 82a (ii) tonnes recycled 56,800 48,060 50,000 56,800 52,430 
BVPI 82c (ii) tonnes to heat & power 100,000 200,000 0 100,000 150,000 
Table 4.20 Overall scenario comparison of economic and environmental performance 
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It has been shown that introducing combined heat and power in an adequate market would 
lower the carbon intensity of energy generation. A study using an Italian medium-size district 
and the Italian energy mix as example found that gasification tends to be climate-friendlier than 
combustion because of its lower carbon intensity per kWh (Giugliano et al., 2007).  A further 
observation from Table 4.20 is that whilst carbon intensity increases at smaller scales, the carbon 
intensity of electricity including heat use in small-scale gasification, at 1.58 kgCO2/kWh, is 
broadly the same as, or marginally lower than, in large-scale combustion at 1.65 kgCO2/kWh. 
 
4.4.1 Location-related priorities  
Material stream focus 
It emerged from the results that location has numerous implications for, e.g. energy efficiency, 
GHG emissions and material recovery. Björklund and Finnveden (2007) concur that, to ensure 
the optimal use of combustion capacity, it is important that fractions suited to recycling or 
biological treatment are not processed through thermal treatments. It follows that urban 
planning needs to incorporate the techniques that comply with self-sufficiency and acceptability 
as has been done routinely in Denmark, the Netherlands and in some cases in the UK, e.g. 
Sheffield.  
 
Self-interest vs. self-sufficiency 
Whilst it makes financial and environmental sense for thermal treatments to be close to their 
feedstock catchment areas, socio-political inertia still complicates deployment. Individuals avoid 
facing the externalities of the waste they produce, let alone the waste imported from other 
regions. Members of the public (and other stakeholders) naturally seek their own welfare and not 
Pareto optimality for a whole conurbation. Local acceptance of any thermal technology remains 
hard to achieve. Nonetheless, there seems to be a change in public perception of thermal 
treatments reported in Juniper (2001), where it was also reported that 85% of respondents were 
in favour of gasification over combustion. 
 
Although the self-sufficiency principle is central to European waste management policy, it was 
not mentioned in the Waste Strategy for England 2007. Ironically, the political effervescence of 
the implications of self-sufficiency will likely resurface with the introduction of the Localism Bill 
despite the previous intent to defuse it. In subsequent chapters, this thesis contends that self-
sufficiency in waste treatment (and its nuisances) has a link into energy security. Early ideas on 
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this argument were published in Castillo-Castillo and Leach (2008) and Castillo-Castillo et al. 
(2009) and stem from the levels of fossil fuel displaced and emissions abatement shown in Table 
4.20. Displacement levels expressed in tonnes of carbon dioxide equivalent are the highest for 
Scenario 1, which involves medium-scale gasification (ATT100). Fossil fuel displacement is 
important both in terms of depletion and intergenerational externalities. Research in energy 
economics has found that the ‘exhaustion cost’ was the most important long-run macro-
economic cost category followed by greenhouse gas impacts (Vroonhof et al., 1996).14  
 
Practical issues of proximity 
It is worth emphasising that the peri-urban environment could offer the right logistical 
conditions for industrial or domestic heat to be economically distributed. Although it is not the 
most profitable output, heat has been shown to improve all propositions, particularly larger scale 
combustion. Pareto optimality from the perspective of the polluter pays principle and the proximity 
principle would be approached by avoiding the export of transport externalities of waste, recyclate 
and energy.  It is important to keep in mind that many early comparisons of combustion vs. 
landfill and gas-fired electricity generation openly neglected heat utilisation given the lack of a 
critical mass of applications (Vollebergh, 1997).  More recent work by Mori et al. (2007) also 
considered variables such as density and intensity of the demand and the capacity of the heating 
grid in the Tokyo area, which determined the conveyance power. They determined that the 
acceptable range of distance to the heat demand was approximately 4 km but it could vary 
depending largely on demand intensity. It is worth noting that, in this thesis, Scenario 2 achieved 
the highest level of diversion from landfill (i.e. 194,060 tpa) but at the longest distance from the 
conurbation. Although processing externalities for recovered material, especially bottom ash 
going to reprocessing, were beyond the scope of this study, they clearly need to be considered in 
each individual case in practice to fully account for the impacts of technology choices.  
 
Three points summarise the importance of proximity and self-sufficiency: 
i. As raw materials become scarcer globally it will be more important to prolong the life of 
local resources (also contained in waste). 
ii. As externalities of extraction and transport (of materials and fuels) become expensive, e.g. 
through carbon taxes or trading, best use of local resource will become more attractive.  
                                                        
14 The exhaustion cost can be interpreted as a “shadow price for the exhaustibility of fossil fuels revealing 
a willingness to pay [ot lack thereof] by the current generation to compensate future generations for their 
loss in potential benefits” (Vroonhof et al., 1996). 
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iii. A technology that can prolong the life cycle of domestic resources and generate energy with 
low GHG impact will deliver long-term benefits that justify political engagement and 
support.   
 
4.4.2 Scale-related advantages and challenges 
Research performed over several years by Juniper (2001) indicated that whilst large gasification 
systems were considered interesting in the late 1990s, combustion continues to be the main 
alternative to landfill for large-scale MSW disposal because of being the established technology15 
and for economic reasons. Although gate fees are more competitive at large scales, the 
observation during this research is that there is still more interest in energy efficiency than in 
other aspects, e.g. residue recycling, reflected in the intensity of policy activity in the area. It has 
also been noted that, amongst policy-makers, there continues to be more interest in smaller-scale 
solutions that address waste disposal locally. Neither of these trends seems to favour large-scale 
treatments (Juniper, 2001).  Interests of policy-makers, however, do not necessarily reflect the 
pace at which public preferences evolve; although policy makers need to respond ultimately to 
priorities of the general public.  
 
The calculations in this chapter show that the potential benefits of smaller plants become more 
substantial to the extent that they are realised in conjunction with other techniques for specific 
sub-streams. Through its New Technologies work stream, Defra provides ongoing information 
on technologies such as MBT that contribute to achieving that diversity by “providing an 
alternative technical option as part of an integrated strategy, having the potential to recover 
materials and energy and reduce the quantity of MSW disposed to landfill” (Defra, 2007e). 
 
4.4.3 Prospects of deployment 
Despite positive developments for gasification technology elsewhere, the technology is described 
as not ‘bankable’ due to lack of commercial plants in the UK. This research has identified two 
pre-conditions for deployment of gasification: national and local government support; and more 
strategic engagement from the private sector. The UK New Technologies Demonstrator 
Programme managed by Defra (2005) sought to address the second point by supporting new 
technology demonstration plants. The results of the demonstration projects have been mixed, 
                                                        
15 By virtue of being the established technology there is a case for comparing it with the dominant designs 
and technological lock-in concepts to explore the extent to which they apply here. This line of research is 
pursued in Chapter 6.  
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however. Pugh et al. (2010) reported that the gasification project in the Isle of Wight, which 
involved retrofitting of an existing incineration plant, only achieved an efficiency of 15% over 
the demonstration period. As can be expected, such outcomes lead to a lasting poor perception 
of the technologies involved, perhaps stifling development for a longer period than it would 
have taken without an unsuccessful demonstration. The usefulness of the demonstration is that, 
in the process of validating the technology, it exposes the problems of transferring technologies 
between countries. It also achieves its original aim of identifying the operational problems that 
can or cannot be resolved.   
 
The bankability of new technologies generally depends on how investors and insurers perceive 
the risks involed. A study conducted by Defra (2007f) cited some reasons why banks were 
unwilling to participate in funding waste infrastructure, including: 
i) Local authorities’ understanding of the procurement process and its capability 
ii) Understanding of the technology 
iii) Planning and permitting 
iv) Land availability 
v) Material market risks 
vi) Contractual and legal complexity  
 
In a market with exogenously calculated gate fees two conditions could substantially improve the 
financial attractiveness of alternative technology, i.e. gasification: First, development of the 
market for recovered materials; second, availability of renewable energy incentives, e.g. double 
ROCs. Particularly the second could largely alleviate concerns about project implementation 
risks and policy risks (this kind of pressures and risks are studied in Chapter 6). Similarly, work 
by Higman and Van der Burgt (2003) concluded that gasification plants could provide a viable 
alternative to combustion if embedded in the right energy and material systems such as the 
Schwarze Pumpe scheme in Germany. In this regional waste treatment scheme methanol and 
electricity are produced and the inert solid slag meets the municipal waste standard 
“Siedlungsabfall Class 1” for the landfilling of waste with very small potential for noxious 
substance release. Nevertheless, the installations that would deliver an extended life cycle of 
materials in cities, as happens in many instances in Japan, have yet to set a precedent in the UK.  
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4.5 Sensitivity analysis for thermal treatments 
Other researchers have found that energy investment appraisals are particularly sensitive to 
discount rate and to relative fuel prices in the future (Simpson and Walker, 1987).  By contrast, 
investments in waste-to-energy technology tend to be sensitive to two fuel prices: first, the 
negative price of waste fuel or feedstock, i.e. gate fee; and second, the fuel price of its outputs, 
e.g. electricity. The latter is generally determined by the price of the marginal fuel in the 
generation mix, which in the UK at time of writing is gas.  
 
Given the generally observed trends of increasing material, landfill space and fossil fuel scarcity, 
both ‘fuel’ prices for waste-to-energy technology can be reasonably expected to rise in the 
medium and long term.  It is acknowledged here that there will always remain elements of 
uncertainty about the future regardless of the method used to structure that uncertainty.  To 
address the uncertainty germane to future technology deployment, somewhat irregular sensitivity 
ranges to key variables were selected for illustration. Various attempts showed that increases in 
variable values were better elucidated using regular increments, whereas the effects of decreasing 
variable values would become more tractable using smaller, irregular decrements. Clearly, whilst 
exploring an increase of 200% in fuel prices is plausible, exploring any decrease of more than 
50% is irrelevant.   This relationship can be observed in Figure 4.8 and Figure 4.9, which depict 
the sensitivity of combustion to the five key variables: discount rate, gate fee, capital expenditure, 
electricity price and the price of ROCs.  
 
 
Figure 4.8 Sensitivity of COM100 NPV to key economic variables 
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Figure 4.9 Sensitivity of COM200 NPV to key economic variables 
 
A key observation from the sensitivity calculations for combustion was that NPVs of large-scale 
combustion plant are all positive even at commercial discount rates. Medium-scale combustion, 
however, displayed high sensitivity to commercial discount rates and NPVs became negative at 
both 50% and 100% increments (i.e. at discount rates of 9% and 12%). 
 
Figure 4.10 and Figure 4.11 show sensitivity results for gasification scales. 
 
 
Figure 4.10 Sensitivity of ATT50 NPV to key economic variables 
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Figure 4.11 Sensitivity of ATT100 NPV to key economic variables 
 
An important, albeit unsurprising, result was that the smaller the scale, the more sensitive the 
plant will be to changes in capital expenditure. It is worth noting that for ATT100 all individual 
variable changes explored result in positive NPVs, all else being equal, unlike changes for 
ATT50. Sensitivity was significantly more pronounced for gate fees than for the other variables. 
This has important implications for future events that could occur but in an uncertain order i.e. 
higher increases of landfill tax (see Chapter 7), a landfill ban and an incineration-led market with 
high liquidity and enough capacity to depress gate fees. 
 
A small difference between gasification scales was that ATT50 was slightly more sensitive to 
ROC prices than to discount rate, whereas for ATT100 that order was reversed. One important 
difference between technologies is that sensitivity of gasification to the price of ROCs is higher 
than in the case of combustion. Overall, it was noted that at the 100 ktpa scale some changes led 
to a negative NPVs for combustion, whereas all changes led to positive NPVs of gasification.  
 
Finally, an acknowledged limitation of all sensitivity analyses of changes in individual variables, 
‘all else remaining equal,’ is that practically none of the changes would happen in isolation. In 
particular, impending simultaneous increases in fuel prices and landfill tax will likely enable 
medium and smaller scales to better tolerate commercial discount rates.  
 
4.6 Summary of the comparison of thermal treatments  
This chapter has analysed the techno-economic aspects of combustion and gasification. 
Comparisons were made regarding the aspects that can influence the prospects of deployment 
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and fulfilment of potential benefits. Dependencies identified through this analysis are relevant 
for the study of broader market pressures and implications at the intersection of the waste 
management and energy regimes (e.g. potential for future technology-agnostic energy policy 
support). These are part of the research objectives of Chapters 6 and 7.  Pertinent insights for 
these purposes are summarised below: 
 
Practical implications of deployment choices  
 Deployment choices will depend on technical development but also on priorities including 
the following factors: 
o In landfill diversion terms, the incineration-only Scenario 2 achieved higher diversion 
than the gasification-only Scenario 1 by 12%, i.e. 194.1 and 172.8 ktpa respectively.  
o In electricity generation terms, the gasification-only Scenario 1 achieved higher output 
than the incineration-only Scenario 2 by 88%, i.e. 170.6 and 90.7 MWh respectively 
o At the 100 ktpa scale carbon intensity per kWh for combustion was 58% higher than for 
gasification.  
o Fossil fuel displacement was also the highest for Scenario 1, which involves medium-
scale gasification (ATT100). 
o Combustion-based scenarios achieve lower gross emissions per tonne of waste treated. 
 Deployment will be determined by how competing priorities unfold and what is more valued 
in future: ATT’s lower carbon intensity of energy generation; COM’s lower carbon intensity 
of waste treatment; ATT’s higher energy and recyclate yield; ATT’s greater displacement of 
fossil fuels. Although future preferences are uncertain, the higher energy yield and lower 
overall carbon intensity (accounting for displacement) seem more compelling in the context 
of international developments in energy and climate change policy.   
 Full appreciation of the environmental merit of ATT can only be achieved by examining a 
wide range of effects, e.g. ability to channel materials to fraction-specific recovery or possible 
co-location with AD to take advantage of feedstock requirements for one technology to 
improve feasibility of the other.    
 It is reasonable to assume that electricity from both COM and ATT can be close to the base-
load end of the spectrum.  
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Bankability of both technologies  
It is worth remembering that the potential energy and GHG advantages of ATT depend on the 
configuration modelled here including a combined cycled gas turbine as the energy conversion 
prime mover. Important ramifications of this are: 
 It was noted that, at the 100 ktpa reactor scale, some sensitivity changes led to negative 
NPVs for combustion, whereas all sensitivity changes led to positive NPVs of the 
gasification plant modelled here. This implies that this arrangement (MBT+ATT+CCGT) 
presents a promising option.  
 ATT is considered ‘unproven’ and therefore not particularly ‘bankable.’  Deployment of 
ATT with steam turbine generation is unlikely to deliver the environmental benefits found 
here. On the other hand, it can provide the technology validation through the installation of 
the first plants, which implies that the only unproven aspect is the combination of ATT with 
CCGT. The main dependency is the successful gas cleaning step before the turbine. It is 
conceivable that current developments will yield a viable solution in the medium term (see 
Chapter 6). 
 The sensitivity of gasification to the price of ROCs is higher than in the case of combustion. 
This implies that policy support is crucial for the technology validation phase.  
 
The importance of policy support 
 International trends in energy economics (e.g. rising prices, scarcity, carbon tax) will become 
more relevant by the time that plants being built in the next five years reach the end of their 
life time. Therefore, the framework conditions for the following generation of plant will 
likely be more favourable for nationally-sourced, predictable, non-intermittent, renewable 
energy. (These contextual aspects are the subject of Chapter 7.) 
 Given the positive effect of policy support, it is conceivable that initial deployment of 
gasification would not happen without it. Since there cannot be validation without early 
installations, gasification (particularly with CCGT) would likely still be considered 
‘unproven.’ In which case banks might remain reluctant to provide finance and the industry 
might only deploy established technology or a suboptimal version of gasification. The overall 
outcome would be that potential benefits would be forgone entirely in the short and medium 
term.  
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5. Techno-economic analysis of anaerobic digestion 
 
5.1 Introduction  
This chapter concentrates on the analysis of anaerobic digestion of specific feedstock 
consisting of food waste with addition of green waste in the UK. It analyses the extent to 
which commercial viability (on an individual plant basis) could be improved by various 
UK energy policy instruments. This chapter addresses the research question: 
 Under what policy conditions would biological treatment be widely deployed to recover energy from 
biodegradable waste? 
 
The work combined logistical costs calculation methods usually applied in the bioenergy 
sector to estimate optimal scales with financial appraisal methods and policy scenarios 
including heat and electricity support. This resulted in a combined model, or framework 
of analysis, that permitted comparisons including changes in variables independent of 
support and variables eligible for support simultaneously. The combined model applied to 
the AD configuration and the feedstock composition studied here within a UK waste-to-
energy policy context helps to focus the scope of analysis on commercial deployment at 
the individual plant level at semi-commercial stage of market development.  The analysis 
is complementary to: (i) other research based on laboratory work or off-the-shelf technical 
plant performance analysis tools focusing on technical parameters and performance of 
discrete parts of an AD plant (e.g. membranes and bacterial control strategies, effects of 
composition on gas yield, etc.); and (ii) renewable energy policy analyses that tend to study 
technologies in broader terms and often grouped under ‘categories.’  Work related to this 
chapter has been published by the author in Zglobisz and Castillo Castillo et al. (2010). 
 
The chapter consists of the main following parts.  
First, technical parameters of the chosen technology that are relevant to the economic 
assessment are characterised. Detail of the economic parameters and the assumptions on 
the range of values they could take are provided. The methods of calculation of logistical 
cost are explained. These technical calculations are complemented with the definition of 
assumptions that constituted the policy scenarios explored. Second, the results of the 
financial appraisal are presented. The combined logistical and financial calculations are 
used to identify the factors and instruments with the highest influence on viability at the 
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proposed base-case scale as well as one smaller scale (represented by a plant with 20% less 
processing capacity) and one larger scale (represented by a plant with 20% more 
processing capacity). Third, sensitivity analysis of changes in scale is presented. The 
factors with the highest impact on commercial viability were identified and discussed 
keeping in mind the benefits that could underpin various levels of support in the near 
future. 
 
5.2 Characterisation of chosen technology and input parameters 
This section presents the elements involved in examining the necessary conditions for 
anaerobic digestion to become commercially attractive under different levels of policy 
support. As indicated in Chapter 2 the evolving priorities in national policy justify the 
study of different support options and their interaction with specific technology 
applications such as co-digestion of food waste and green waste at different scales.  The 
characterisation of the chosen AD configuration as well as the assumptions that underpin 
the policy scenarios and economic evaluation are presented in the following sub-sections. 
AD was not compared to any other technology given that it is the main biological waste 
treatment that generates energy (in the absence of either a precedent of a true alternative). 
 
5.2.1 Definition of the digestion system studied 
From the context of the technology characterisation provided in Chapter 3, this 
subsection includes a brief description of the system used for the analysis. In order to 
explore achievable capabilities, the configuration of the Greenfinch plant in Ludlow, 
Shropshire, was chosen as the basis to model the scenarios. A comprehensive technical 
review of the system can be found in Banks et al. (2011), from which the performance 
parameters in this section were taken. A representation of the stages, outputs and 
boundaries of the system is shown in Figure 5.1.  
 
The feedstock, consisting of 95.5% was source-segregated domestic food waste, 2.9% 
commercial food waste, 1.6% whey, and grass cuttings is digested at 42°C in a wet, 
continuous, single-stage mesophilic process. The plant includes a pasteurisation step 
consisting of heating up the digestate to 70°C for one hour needed to comply with the 
UK Animal By-Product Regulations 2005. A pre-treatment step in which feedstock is 
macerated to a maximum particle size of less than 12mm and mixed with recycled 
digestate in the conditioning tank, without using fresh water, obtaining 12% total solids 
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(TS) content. The digestate is mixed through the process of gas recirculation, heated using 
an external concentric tube heat exchanger and retained in the 900 m3 reactor for 80 days. 
The biogas produced is used as fuel in a 195 kW combined heat and power (CHP) unit for 
production of heat and electricity, which covers the internal requirements of the plant and 
allows for sale of the surplus to the grid. 
 
 
Figure 5.1 Single-stage wet system plant used to study anaerobic digestion 
 
 
5.2.2 Mass and energy flow input data  
Important elements to be able to model the performance of a plant are feedstock 
composition, mass and energy flows, reactor behaviour and operation strategy. This sub-
section provides a description of those components. It must be kept in mind that 
feedstock composition can be subject to seasonality and variations due to regional 
differences. In turn, such variations can have a significant impact on performance and 
require region-specific interpretation and plant management strategy. In the Ludlow case, 
the total solids content per tonne of is 27.7% for domestic food waste, 27.8% for 
commercial food waste, and 33.7% for green waste. The specific methane yield of food 
waste reported by Banks et al. (2011) is 402 m3 per tonne of volatile solids.  
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The amount of digestate produced is calculated using the total solids (total solid matter or 
TS) and volatile solids (VS) content in the feedstock. VS are the part of the total solid 
matter contained in feedstock that will be transformed into biogas in the AD process. 
According to Banks et al. (2011), 75.76% of the VS in the feedstock is removed in the 
process; the remaining mass at the end of the process is still available to form digestate as 
shown in Table 5.1. To calculate the energy balance, the total biogas yield was obtained 
according to a methane-to-carbon dioxide ratio of 62.6:37.4 as reported by Banks et al. 
(2011).  The energy conversion stage comprises biogas being combusted in a CHP engine 
with assumed electrical conversion efficiency of 32% at full load and a potential for 53% 
recovery of heat via the jacket and exhaust cooling water streams (Banks et al. (2011), 
which is in line with the overall efficiency of ignition engines for cogeneration, between 65 
and 92% (Verbruggen, 2008).   
 
1 tonne of  
Total 
Solids  
[tonne] 
Volatile 
Solids  
[tonne] 
VS Removal 
[%] 
BMP  
[m3/tonne VS] 
Food Waste 0.277 0.244 75 402 
Green 
Waste 
0.337 0.224 75 402 
Table 5.1 Biomass characteristics 
 
The total energy output typically consists of 63% heat and 37% electricity gross or 62% 
heat and 38% electricity net (Banks et al. 2011). The energy content of biogas used in the 
calculations is 21.4MJ/m3, according to the simplified volumetric reaction represented in 
equation (5.1) adapted from Greenfinch (2008) showing volumes in litres and energy in 
Megajoules after conversion to useful energy. 
 
600 l CH4 + 400 l CO2 +1 l H2S + 1201.5 l O2  1000 l CO2 + 1201 l H2O + 1 l SO2 + 21.4 MJ 
Equation 5.1 
 
The parasitic load of the plant derived from (Banks et al. 2011) is 27.3% of the gross 
electricity and 30.28% of the heat. The net electricity surplus is exported to the national 
grid. The model assumes for some scenarios that heat is delivered to local heat demand, 
e.g. food production, district heating or leisure facilities.  
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5.2.3 Cost and capacity profile input data 
This subsection presents the factors that influence the choice of plant capacity along with 
the data and assumptions used in the model. The main factors are the amount of available 
feedstock, its proximity to the plant and its transport cost.   
To calculate logistics costs it is necessary to know the mean radius of the area from which 
the feedstock is planned to be sourced as in Equation 5.2.  
Cl = Cf + Cv ×R  
Equation 5.2 
 
Where Cl represents total logistics costs; Cf the fixed costs of material transport; Cv the 
variable costs of materials transport and R  the mean transport radius which provides the 
relationship between the total logistics costs and the plant capacity as shown in Equation 
5.3. This relation has been derived following the methodology in Nguyen and Prince 
(1996), Wright and Brown (2007) and Dunnett (2011). 
 
 ̅   √
 
    
 
Equation 5.3 
 
Where F is the plant capacity in tonnes; Y is the yield of feedstocks (tonnes/ha); ∂ is the 
fraction of land from which the required biomass can be sourced (ha/km2); for biomass 
collections from the circular area surrounding the plant (
2A R ) the mean transport 
radius is calculated assuming two concentric circles as in equation 5.4.  
 
 ̅   
 
√ 
 
Equation 5.4 
 
Logistics costs were determined assuming that food wastes are collected from urban and 
suburban areas. To arrive at a representative example of a possible mode of operation, the 
following UK population density assumptions were used. The starting point is the 
population of the UK at 60.6 million inhabitants (National Statistics, 2008). Total arisings 
of 5,375,000 tonnes of food waste per year are available for energy generation (Eunomia, 
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2007), which represents 88.7 kilograms per capita per annum. Capture across the UK is 
assumed to be 60%. The distribution of urban and suburban areas was taken as 1,138,968 
ha and 475,331 ha respectively (Dunnett, 2011) and assuming an urban:suburban 
population density ratio of 4.7:1, the yield of household food waste is 4.33 tonnes per 
hectare for urban and 0.92 tonnes per hectare for rural areas. 
 
Fixed and variable costs of food waste transportation were calculated as £10 and £7 per 
tonne per kilometre respectively based on estimates as well as the proportion of fixed to 
variable costs supplied by Kidson (2008).  Generation costs represent the sum of all 
annual costs of electricity production, calculated per 1MWh of electricity generated.  
Capital costs of various plant capacities were scaled up from an initial cost of £1,200,000 
for 5,000 tonnes per year throughput (Arnolds, 2008) according to equation 5.5, to the 
capacities obtained in the logistics calculations for the scales of 26.50 ktpa, 32 ktpa and 
38.4 ktpa.  
 
       (
 
  
)
 
 
Equation 5.5 
 
Where Cp0 represents the capital costs for a plant of capacity M0 ;  n the power law 
exponent (scale-up factor), M0 the initial plant capacity; M the capacity of the new plant 
and Cp the capital costs of the new plant.   A scale-up factor of 0.7 was used for the 
assessment (Marbe et al., 2004). The calculated Cp values were adjusted to take account of 
enabling costs such as grid connection. Operational and maintenance (O&M) costs were 
assumed to be 10% of the capital costs per year, as derived from the original data set for 
the plant in Shropshire. O&M costs were calculated for further plant capacities obtained 
using the scale-up formula in Equation 5.5, from an initial £200,000 per year for a 5,000 
tonnes per annum plant.  
 
Capital costs have been annualised using the annuity method. The annuity factor has been 
calculated according to the formula in Equation 5.6 
 
   
  (   ) 
(   )    
 
Equation 5.6 
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where r is the annuity factor; i the interest rate and n the plant lifetime.  
 
5.2.4 Policy scenario definition 
Four scenarios were constructed to determine the influence of policy and scale on 
investments decisions.  A “business-as-usual” scenario (Scenario 1) was set up as base-
case. Scenarios were configured to explore the profitability achieved by altering the 
application of policy support instruments. The main element of variation in the policy 
analysis consists of incentives for renewable electricity and heat. For each scenario, a 
change to plant capacity of 20% higher and 20% lower than the base-case optimum was 
applied in the economic model for sensitivity analysis purposes. Following is a description 
of the specific parameters for each scenario. It is worth emphasising that analysis of 
changes in yield or efficiency was not an objective of this analysis, as the main purpose is 
to examine the dimension and direction of the impacts of policy support.  Changes in 
yields would provide insight into the impact of technological refinements of some 
installations, which are beyond the scope of this research.  
 
Policy and management assumptions as well as input values for the scenarios studied are 
outlined below. 
 
Scenario 1 Business as usual: Single ROCs, excluding the ability to sell heat. 
 Single ROCs per MWh, at a price of £53.27 allocated per MWh, which was the price 
from ROCs’ auctions in April 2008 (E-Roc, 2008); 
 It was assumed that there was no possibility for heat sales and no policy mechanism to 
support renewable heat.  
 
Scenario 2 Moderate Policy Scenario, double ROCs, excluding the ability to sell heat 
 Double ROCs are allocated per MWh of electricity generated, equivalent to a price of 
£106.54 per MWh;  
 It was assumed that there was no possibility for heat sales. 
 
Scenario 3  Moderate Policy Scenario, double ROCs, with the ability to sell heat 
 Double ROCs allocated per electric MWh at a total level of £106.54 per MWh; 
 It was assumed that heat sales were possible to a suitable customer. 
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Scenario 4 High Incentives Scenario, double ROCs with the ability to sell heat plus a 
heat incentive 
 Double ROCs allocated per electric MWh, equivalent to a price of £106.54 per MWh; 
 A potential value for renewable heat was assumed based on the CHP energy 
production ratio of 1 unit of electricity to 2 units of heat (Jablonski, 2008);  
 A price of heat of £20 per MWh (Jablonski, 2008) and a heat incentive of £25 per 
MWh of renewable heat used off-site were assumed  
 Sensitivity to the value of heat was considered at prices of £5, £10 and £40 per MWh; 
 The influence of different heat incentive values of £10, £20 and £50 per MWh of heat 
was explored  
This scenario was designed to illustrate and inform decisions on the level of support 
required as reward for low-carbon energy generation that would encourage further 
investments in anaerobic digestion in the UK.   
 
5.2.5 Economic model  
In order to investigate financial viability of the selected anaerobic digestion plant under 
different policy scenarios, the economic model considers capital, operational and 
maintenance costs and interests paid on loan and computes future cash flows assuming 25 
years of plant life time discounted to the present value. It includes income from gate fees, 
electricity and heat sales. In terms of sales of digestate, the assumption was made that no 
value could be ascribed to sales of digestate as fertiliser because in the short term, given 
the still unclear market situation, possible income from this source would be relatively 
small, if any. Although positive developments are taking place as the PAS 110 
specification becomes more widely used, it was deemed more appropriate to make a 
cautious assumption. 
 
Annual cash flows were discounted using a discount rate specifically calculated for this 
analysis. Assuming the installation is financed from its revenues, it is possible to calculate 
the discount factor according to the capital asset pricing model (Brealey et al., 2008) as in 
Equation 5.7 
 
 (  )         ( (  )     ) 
Equation 5.7 
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where E(Ri) is the expected return on the capital asset (discount rate); Rf the risk-free rate 
of Interest; ßi the sensitivity of the asset returns (beta coefficient); E(Rm) the expected 
return of the market and  E (Rm) - Rf  the market premium (represents effectively the risk 
premium).  A risk-free rate of interest was assumed at 4.67%, which is the ten-year 
nominal par yield of Bank of England annual average yield from British Government 
Securities (Bank of England, no date). The beta coefficient, adopted from Damodaran 
(2008), was chosen for the ‘Energy: Alternate Source’, which is the unlevered beta 
coefficient corrected for cash and adopted at the level of 1.23. The total risk premium was 
assumed at 4.91%, which is a UK specific value (Standard and Poors in Damodaran, 
2008). Solving equation 5.7, a discount rate of 10.7% was obtained.   Net Present Values 
(NPV) and Internal Rates of Return (IRR) were used as the main financial indicators in a 
similar way as in Chapter 4. As mentioned previously, the investment is viable when NPV 
> 0 and the internal rate of return (IRR) is defined as a discount rate at which the NPV of 
the project is equal to zero (Brealey et al., 2008). In general, projects with IRR higher than 
the opportunity cost of capital are accepted. In this analysis, the opportunity cost of 
capital is equal to the discount rate.  
 
At the time of writing the precise value of heat has not been defined with certainty. For 
this examination a price of heat at £20 per MWh and a heat incentive at £25 per MWh of 
renewable heat (Jablonski, 2008) have been assumed; the impact of implementing a 
thermal output-linked incentive has been modelled using heat prices of 1 penny (1p), 2p 
and 4p per kWh, for a plant of optimum capacity, with heat incentive levels of zero, 1p, 
2.5p and 5p per kWh. 
 
5.3 Results for anaerobic digestion 
The following subsections present the outcome of the analysis of the four policy scenarios 
in terms of the calculation of the optimum capacity and economic assessment of the plant 
using NPV, IRR and impact assessment of heat sales and incentives.    
 
5.3.1 Calculation of the optimal plant capacity 
Results for logistics costs are plotted for capacities between one and 150,000 tonnes per 
annum and exhibit the relationship y = 3.6038x + 165.18 as depicted in Figure 5.2. 
Production costs per unit of electrical output in £/MWh are represented by the 
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relationship y = 941.45x-0.3199. Production and logistics costs are added up to obtain the 
total costs of electricity production for anaerobic digestion plants similar to the system 
studied here in £/MWh, which, as Figure 5.2 reveals,  reach their minimum value at the 
optimum plant capacity of 32 ktpa.  Although the shape of the curves would change and 
shift, the ranges of certainty of variation at the optimum scale, due to plausible changes in 
cost, are shown by dotted lines and by discrete figures for all three scales at upper-end and 
lower-end costs assumptions in Appendix 5. Under national average conditions the range 
of scales was found to be between the capacities of 26 ktpa and 37 ktpa. 
 
 
Figure 5.2 Estimation of the optimum capacity of the anaerobic digestion plant studied 
 
The observable proportion shows that, at lower capacity levels, marginal costs are driven 
by production costs and decrease with increasing capacity, whilst at higher capacity levels, 
where the feedstock supply in sufficient quantities requires larger catchment areas, 
logistics costs drive marginal costs.  It should be borne in mind that the optimum capacity 
of 32 ktpa was derived from national average data as opposed to data specifically on urban 
or suburban areas. This optimum was used in the base case of the economic modelling of 
policy scenarios. Optimum capacities for the urban and suburban areas using the 
corresponding levels of logistics costs were calculated separately. As illustrated in Figures 
5.3 and 5.4, logistics costs in high density urban areas are lower when compared to 
suburban areas. This difference shifts the optimum capacity of the plant located in urban 
areas to 40 ktpa due to economies of agglomeration, while the smaller plant with capacity 
of 18 ktpa is optimum for less populated suburban regions. Similar to the average national 
conditions, figures illustrating the changes in costs that determine ranges of certainty (in 
dotted lines below) for urban and sub-urban areas are included in Appendix 5. Under sub-
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urban conditions the range of scales was found to be between the capacities of 17 ktpa 
and 23 ktpa. 
 
Figure 5.3 Optimum capacity of anaerobic digestion in suburban areas 
 
 
Figure 5.4 Optimum capacity of anaerobic digestion in urban areas 
 
Under urban conditions the range of scales was found to be between the capacities of 31 
ktpa and 42 ktpa. 
 
5.3.2 Appraisal of key economic indicators for anaerobic digestion 
Calculations were performed at three plant capacities to observe the impact of policy 
scenarios at different scales. They were 25.6 ktpa, which is 20% smaller than the average 
optimum; 32 ktpa, which is the calculated average optimum capacity and 38.4 ktpa, which 
is 20% larger than the average optimum. The principal indicators calculated were Net 
Present Values (NPV) and Internal Rates of Return (IRR).  
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The results for NPV in all scenarios were positive, as illustrated in Figure 5.5.  Policy 
scenario 1 (PS1) denotes the business-as-usual scenario, which achieves the lowest results 
of £20.32/tonne for the lower capacity, £47.45/tonne for the optimum and £73.00/tonne 
for the higher capacity. It would seem that for investor decisions based mainly on the 
NPV all scenarios would appear attractive before studying project integration and 
compliance factors, which also have a substantial bearing on project performance. 
 
 
Figure 5.5 NPVs for three scales across four policy scenarios 
 
Results for the investigation of internal rates of return are included in Figure 5.6, where it 
becomes apparent that IRR exhibits a linear relationship with plant capacity across all 
policy scenarios. All scales under policy scenario 1 (PS1) achieve an IRR lower than the 
commercial discount rate used in this study.  For PS2, the optimum and the smaller scales 
achieve an IRR lower than the commercial discount rate used in this study.  For PS3, only 
the smaller scale achieved an IRR lower than the commercial discount rate used.  All 
scales under PS4 achieve an IRR comfortably higher than the commercial discount rate. 
Unsurprisingly, heat sales improved the profitability of all capacities, although the larger 
scales benefited the most. 
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Figure 5.6 IRRs values for different policy scenarios 
 
At the lower discount rate of 5%, in scenarios including double ROCs, all capacities 
would be attractive, irrespective of the possibility to sell heat. Furthermore, any revenues 
from the additional heat incentive would contribute to profit margin.   
 
5.3.3 Impact of policy support on revenue stream composition 
Application of double ROCs alone increases the NPV for all plants by £60/tonne. 
Incorporating both heat sales and a heat incentive into the model increases the NPVs of 
all plants by a further £40/tonne. To illustrate this point, the composition of total revenue 
has been calculated using as example undiscounted annual income amounts for an optimal 
scale plant of 32 ktpa sorted by income source and presented in Figure 5.7.   
 
 
Figure 5.7 Anaerobic digestion revenue composition at optimum scale 
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Presenting the income breakdown under the different policy scenarios explored reminds 
the reader that, amongst the income sources independent from policy support, electricity 
sales have a marked influence on economic viability. It then follows that increasing the 
number of ROCs awarded per unit of output significantly increases electricity-related 
revenue streams. The impact of heat and additional support per unit of thermal output is 
smaller but also substantial enough to contribute to project viability. 
 
To enable an exploration of the possibilities of selling and granting a reward for the 
thermal output from AD-powered CHP, various prices of heat and levels of heat 
incentive, or omission thereof, have been computed and presented in Figure 5.8.  The 
sensitivity to the different assumptions is measured in terms of IRR for a plant at the cost-
minimising optimum scale of 32 ktpa. It must be noted that these results stem from 
variations of the scenario that already includes double ROCs whose price can vary like 
that of any market-traded certificate. 
 
 
Figure 5.8 Effect of heat prices and levels of heat incentive 
 
The calculations demonstrated that without heat incentive, a plant at the cost-minimising 
optimum scale will achieve an IRR comfortably higher than the discount rate only if the 
price of heat reaches 2p per kWhth. It is worth noting that if ROCs were to reach very 
high values the motivation for using heat purposefully may be diminished. In general, the 
ability to sell heat, and its enhanced attractiveness through a dedicated incentive could 
provide compelling motivation for operators to find demand for heat. Early successful 
examples have emerged from the collaboration between biogas technology proponents, 
food producers and supermarkets in the UK (Biogengreenfinch, 2008). Agricultural 
residues and rejects, out-of-date and out-of-specification food wastes are returned from 
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supermarkets in otherwise empty delivery lorries. These feedstocks are digested to 
generate electricity and heat used in food production and packaging steps. Any policy to 
encourage the uptake of such schemes and support the use of renewable heat from AD 
has significant potential to instil increased use of renewable heat in the UK energy 
portfolio. 
 
It is important to re-emphasise that due to the biogenic nature of all its feedstock, all heat 
and electricity outputs from anaerobic digestion are considered carbon neutral; they are 
100% renewable energy; displace the total GHG emissions of their equivalent output 
generated from fossil fuels; and represent a very stable, non-intermittent, domestic energy 
source. The implications of these attributes for energy security and energy system 
resilience, which further justify support for AD, are studied in Chapter 7. 
 
5.4 Sensitivity analysis for anaerobic digestion  
The investigation of sensitivity of anaerobic digestion depends on factors similar to the 
sensitivity of thermal treatments such as the ‘double fuel price’ situation explained in 
section 4.5.   For this section it was also considered sensible to explore increases of 200% 
in fuel prices and decreases by less than 50% for most variables.  The objective was to 
explore also sensitivity to variable not dictated by policy. The sensitivity of anaerobic 
digestion to the five key variables: discount rate, gate fee, capital expenditure, electricity 
price and the price of ROCs is presented in Figure 5.9 for the optimum scale -20%, Figure 
5.10 for optimum scale and Figure 5.11, for optimum scale +20%.   
 
 
Figure 5.9 Sensitivity of AD Optimal Capacity -20% to key economic variables 
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Figure 5.10 Sensitivity of AD Optimal Capacity to key economic variables 
 
 
Figure 5.11 Sensitivity of AD Optimal Capacity +20% to key economic variables 
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rates, however, remain somewhat static at the level they are chosen for either public or 
commercial purposes. The challenges to deployment (addressed further in Chapter 6) 
indicate that in the near and medium term more infrastructure will be privately funded. 
Therefore it is conceivable that scenarios with a simultaneous increase in electricity price 
and gate fee will ensue. On the other hand, as more plants are deployed over the next 
fifteen years the level of support for new build can be expected to decrease. 
 
5.5 Summary of biological treatment  
The financial assessment of policy scenarios combined with the logistics and scale model 
were used to examine how support instruments affect the commercial viability of AD 
plants at scales suitable for processing a combination of food waste (98.4%) and green 
waste (1.6%). Applying this combination of models to UK feedstocks, geographical and 
demographical conditions it was possible to identify which levels of support for either 
heat or electricity would be needed in a UK policy context. 
 
Impacts of scale and policy support 
The analysis indicated that policy impacts viability at the scales studied in the following 
way: 
 Under the policy option including only small electricity support (single ROCs) none of 
the scales studied achieved an IRR above the commercial discount rate studied. 
 Adding to the higher electricity support (double ROCs) the possibility to sell heat 
made the optimum and the larger-scale plants commercially viable.  
 Adding to the double ROCs the possibility to sell heat and a heat incentive of 
2.5p/kWh made all scales commercially viable. 
 The analysis showed how indispensable renewable electricity support is. This is one of 
the motives for researching the justification of continued support in Chapter 7.   
 
It was also found that the level of additional support required for AD to be viable has a 
substantial relationship to the future value of renewable heat. The results indicated that, if 
the value of heat ever reached a high level such as 4p per kWh (similar to the price of 
electricity), anaerobic digestion would not require additional support. This is rather 
unlikely given that heat is usually traded bilaterally, i.e. in a monopsony situation involving 
one single customer (or distributor to users). This excludes, for example, the influence of 
trading between generators, distributors and suppliers, which increase the electricity price 
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beyond generation and distribution costs. At more realistic heat prices between 1p and 2p 
per kWhth a plant at the optimal scale would require a heat incentive of at least 1p per 
kWhth to become commercially attractive. 
 
Influencing factors independent of support  
With respect to income sources independent from policy support, sensitivity analysis of 
the already commercially applicable discount rate showed that an increase to a more 
demanding rate of 15% only the larger scale modelled would have a positive NPV. 
Similarly, gate fee increases of 50% which could be motivated by landfill tax, or even 
landfill bans, would have the potential to improve viability to an extent that could reduce 
the need for support in the medium term.  
 
Importance of support for viability and deployment  
In the evaluation of requirements for support, it is important to remember the distinction 
between single-output technology and technology with electricity and heat output, which 
amortises costs and externalities (see Chapter 7). Similarly, it is argued in this thesis that 
the distinction between single-purpose and multi-purpose technology deserves more 
analysis; hence it is discussed further in Chapters 6 and 7. The analysis highlighted the role 
of incentives in enabling more AD plant installations, which can contribute towards 
landfill avoidance and displacement of fossil fuels. The fact that without support none of 
the scales would be commercially attractive emphasises the need for continued political 
engagement to value these systemic benefits.    
 
An important conclusion was that, if support remained within the ranges modelled, scales 
that would be optimal from a logistical costs perspective may not be the commercially 
optimal scale. This is because the sale of renewable energy outputs and the support they 
may justifiably attract can outweigh the additional transport costs associated with a larger 
catchment area. In practice, however, these costs might be amortised by a larger WMC 
that operates other treatment and disposal facilities that could be co-located with AD or 
share the transport costs.   A commercial implication of these insights is that under the 
conditions modelled, plants in the scale 20% larger than logistically optimal will be more 
likely to be built in the UK. However, sensitivity analysis has shown that changes in gate 
fee and energy support have a high potential to change that and also enable the logistically 
optimal scale to be commercially viable. 
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6. Market pressures and opportunities 
 
 
6.1 Introduction to market pressures and opportunities 
After analysing techno-economic performance in previous chapters, this chapter provides a 
structure to study market pressures at regime or niche level. It addresses the research 
question:  
 What market barriers or pressures still need to be overcome to deploy WtE technology? 
 
Given that the diffusion and uptake of new technology are difficult to predict, e.g. by 
referring to international experiences, it is informative to clarify the influences that shape the 
market. This is the reason for studying the constraints facing the most influential 
stakeholders.  Stakeholder analysis provides structure to opposing or converging 
motivations. At the same time, it exposes the underlying bounded rationality of the prevailing 
choices, e.g. the particular perspectives of professional associations, waste management 
companies, government, etc. These elements help form a picture of the preferred near-term 
actions of influential stakeholders and reveal how well policy is achieving its intended effect. 
Otherwise, this can help show which policy aspects may need to change. 
  
After the stakeholder engagement phase (semi-structured interviews), common barriers were 
grouped in themes. Some themes included opposing motivations. Some themes included 
clues or opportunities as to how to overcome barriers. While presenting the barriers resulting 
from market pressures the themes included, where applicable, the following elements:  
 Pressure and resulting problem or barrier  
 Statements from stakeholders used to provide practical validation to each subtopic  
 Research method or, where applicable, theoretical underpinning used to study it further 
 Relevance to the potential for achieving commercial viability, e.g. opportunities.  
  
The final section of the chapter focuses on the discrete issue of pressures on the access to 
finance and barriers to investment in infrastructure. The chapter ends with a summary of 
barriers and opportunities and concluding remarks. 
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6.2 Method for stakeholder engagement  
Stakeholder engagement reinforces the objectivity of the research and helps to identify the 
factors with the greatest influence on stakeholders’ actions from a wider perspective. The 
opinions of influential market actors confer empirical validation of the understanding gained 
in previous chapters. The analysis comprised the following elements.  
i) Characterisation of implementation challenges to the benefits considered politically desirable and technically 
possible. Combining a literature review with the results from the techno-economic analysis 
provided the basis for the classification of the pressures affecting the stakeholders that might 
deploy the technology. 
ii) Refinement of stakeholder mapping focused on implementation. After identifying the existing 
challenges, stakeholder analysis, e.g. sphere of influence and level of agency, confirmed that 
the main barriers resulting from macro-economic conditions build around the actors who 
will ultimately operate the infrastructure. It was important to discern what parts of 
government and industry are able to determine what plant is built. 
iii) Empirical data gathering from site visits, workshops, conferences and publically accessible information 
provided by the stakeholders. Direct information from the stakeholders helped to differentiate 
challenges that could be overcome from those that are more complex. Two particular 
sources enriched the analysis of empirical information. First, participation in the Marie Curie 
training programme ‘Waste in the Social Environment’ (WISE) facilitated site visits and 
dialogue with academics, engineering companies, waste management companies and with 
industrial users of waste-derived fuel. Second, attending the forum for the environmental 
technology investment community ‘Eco-Connect’ provided open discussion of the strategies 
of leading investors in waste-to-energy technology. These activities helped to structure 
groups of questions for the interview phase and already provided some validation and 
provisos to previous findings. 
iv) Semi-structured interviews.  Interviews were used to elicit open-ended feedback from 
stakeholders to gain better insight into their motivations and the difficulties they foresee. 
Points (i), (ii) and (iii) were designed to inform the choice of market actors from each kind of 
organisation. Unlike fully-structured interviews and survey-like questionnaires, semi-
structured interviews offer the flexibility to adapt a question guide to each conversation. 
Also, the ability to ask follow-up questions on an ad hoc basis gives more depth to the 
process (Saunders, 2007). This feature was an essential requirement given the small number 
of representatives from each kind of organisation. Moreover, even when two organisations 
were of the same type they some times had different views on either policy instruments, 
technology or their own ability to influence the sector.  
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The three main categories of actors on which the interview guide was based are shown in 
Figure 6.1. Overriding questions that designate sub-themes appear underneath each category. 
Each sub-theme consisted of a number of questions prepared in advanced but with the focus 
on flexibility to create ad hoc probing questions as conversations evolved. Sub-themes can 
be regarded as cumulative from left to right, as questions that could be posed to government 
officials about overall policy could also be employed for WMCs, likewise questions for the 
first two groups could be posed to industry associations, as they are concerned with broad 
issues on behalf of their members.  The purpose of the overriding questions for Government 
was to understand their own perception of existing policies and their suitability to overcome 
the remaining challenges. The overriding questions directed to WMCs were designed to 
probe their view about the suitability of existing and novel technology (in addition to 
suitability of policy).  The overriding questions for Professional Bodies and Industry 
Associations were intended to help understand the opinion of the waste management and 
the rene wable energy industries regarding the suitability of policy to enable them to 
work together to fulfil the benefits.  
 
 
Figure 6.1 Question themes by stakeholder category 
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management companies and another one driven by industrial companies working with waste 
management companies (see Section 6.6). Until 2010 the provision of infrastructure 
depended on the assessment of WMCs of the commercial opportunity presented by the size 
of different Waste Disposal Authorities. This determined who decided to bid for business 
and what technology they proposed to deploy. From 2011 onwards, partly replacing the 
Private Finance Initiative mechanism, merchant plants will play a significant role in treating 
waste arisings (Tunesi, 2010). In this configuration the critical stakeholder will be the 
industrial company that is a large waste generator, or has a large energy demand, and 
commissions a plant to treat its own and other companies’ waste in addition to some MSW. 
This change in emphasis influenced the choice of actors interviewed as shown below. 
i) National Government departments responsible for environment and energy 
ii) Waste management companies 
iii) Companies likely to build merchant plant 
iv) Technical experts/technology proponents 
v) Professional and industry associations for renewable energy, waste professionals and 
waste companies 
  
6.2.2 Limitations of the approach to stakeholder engagement 
The limitations of this combination of methods included confidentiality, corporate bias and 
sample bias, and are outlined below.  
Confidentiality and anonymity 
The UK waste management industry is a closely-knit network of actors where the key 
stakeholders from government, industry and professional bodies or associations tend to 
know each other well. The technical directors of less than six major WMCs compete for the 
more attractive contracts around the country. Confidentiality, therefore, was an important 
consideration during the stakeholder engagement. The industry is in a period of re-alignment, 
new partnerships are being forged between technology providers and WMCs; thus, all WMC 
representatives opted to remain anonymous. Similarly, industry bodies for companies and 
individual professionals found themselves in a delicate situation commenting on the 
promises and limitations of the technologies, policies and commercial practices of their 
members. For government stakeholders political sensitivity was a key factor and they also 
needed to ensure that their opinions could not be construed as favouring any technology.  In 
this research, therefore, the names of interviewees have been omitted and their affiliations 
coded except in the case of comments that were specifically authorised for quoting.  
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Possible sources of bias 
Corporate bias can result from several factors. Companies tend to have a sunk cost in their 
historical offering. Therefore they would try to present their strategy and decisions from a 
favourable angle. Equally, corporate representatives might choose not to reveal information 
that might lead to probing of sensitive data or that they might not be authorised to discuss in 
full (i.e. interviewee bias (Saunders et al., 2007)).   Also their responses are based on the 
assumption that they know what they will do in the future, although it is evident that 
important changes at the niche, regime and landscape levels are taking place and their 
strategies will have to react accordingly.  Two unavoidable dependencies of interviews are 
whether stakeholders have accurate information and whether their statements are truthful. In 
fact, by giving their appreciation interviewees introduce a degree of subjectivity. For instance, 
different managers in the same company can have different intuition on how the market will 
respond to policy. 
Sample bias. Companies that have tried to enter the UK market and either did not succeed or 
decided to change their plans are inherently more difficult to identify (Saunders et al., 2007). 
It could be argued that including the largest and most influential organisations equates, in a 
way, to a self-selecting sample at the expense of including smaller, more flexible market 
entrants. However, the latter are naturally harder to identify and their opinion of the 
workings of the UK market might not have had the benefit of years of experience, as is the 
case for established WMCs.  
 
Notwithstanding these potential downsides inherent to interviews it must be emphasised that 
the ability to generalise the responses was not considered as essential as it would be in the 
case of surveys of hundreds of individually less influential stakeholders. For this study, there 
were a small number of stakeholders per category, e.g. only one government department 
responsible for each aspect of the regime and only a small number of major companies 
proposing to use a particular technology. As a reflection of their role in the waste-to-energy 
regime, the selected interviewees were informed, influential actors, by virtue of their political 
authority or their market share, who participate in the decisions that shape the market. 
 
The remainder of this chapter has been organised based on the themes of pressures that 
emerged from the interview process, which are:  
o Macro-economic pressures 
o technical challenges 
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o institutional and political pressures; and 
o investment pressures. 
 
To provide structure and robustness to each theme, a framework of analysis, a related 
methodology or some theoretical underpinning was provided, where applicable, in addition 
to excerpts from the interviews that illustrate points from a practical perspective.   
 
6.3 Market development pressures  
This section addresses the overall structure that helps to locate the pressures at landscape, 
regime or niche level, e.g. national policy at the waste management regime level or national 
policy at the renewable energy regime level as well as technological niches of novel 
technologies within them.  
 
6.3.1 Bounded rationality and hierarchical complexity  
As outlined in Chapter 2, many challenges to deployment of WtE infrastructure stem from 
the limited understanding amongst actors about the implications of their decisions as well as 
the constraints and priorities of other actors. This sub-section lays the foundation that helps 
to analyse the tensions across stakeholder categories.  
 
The stakeholder engagement phase corroborated that actors’ attitudes are shaped by their 
position in the regime, e.g. government department or novel technology proponent. For 
example, trying to ascertain the right levels of support or whether support is needed at all or 
whether alternative technologies are desirable in the first place, elicits different responses 
from each stakeholder category. Also, they are inherently faced with different constraints. 
The combination of these differences with limitations in time and cognitive capabilities gives 
rise to the bounded rationality that must be overcome to solve problems common to the 
whole waste-to-energy socio-technical niche (Geels and Schot, 2007). It has emerged that 
this filtering out is a pre-requisite for government to understand the constraints of 
companies (particularly small ones) or for reconciling the priorities of local authorities with 
those of investors. A prominent example where the effects of bounded rationality should be 
addressed whilst aiming to achieve Pareto optimality in the waste-to-energy regime is the 
determination of system boundaries. The implications of this aspect are exemplified in the 
potential effect of the Decentralisation and Localism Bill (which potentially reduces the 
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sphere of influence and scope of many stakeholders) summarised below and discussed 
further in section 6.5. 
 
In the case of the Localism Bill different perspectives are likely to make more difficult the 
aim of building enough plant capacity suited to future arisings and of locating demand points 
for energy outputs.  
 From the national government perspective it seems plausible to try to decentralise decisions 
and to empower local authorities. That would enable them to take responsibility, provide 
the right context and gain local support (DCLG, 2011). 
 From the local authority perspective the bill complicates the problem, the waste 
management budget will be smaller and the flexibility to pool resources and rationalise 
investments and land use at the right locations will be reduced (Interview, WMC5). 
 From the perspective of a waste management company, instead of dealing with a regionally 
coordinating body, they will have to deal with several small local authorities, who have 
neither the experience nor the resources or the suitable space to deal with the waste. In 
fact, “reconciling these objectives was hard enough when Regional Development 
Agencies existed, with their dissolution it will be even more challenging” (Lee, 2011). 
 
6.3.2 Practical issues for Industrial Ecology and a circular economy 
This section explains the difficulties for the application of Industrial Ecology (IE) principles 
by relating to the orientation provided by the landscape-regime-niche perspective (Multi-
Level Perspective, MLP), both of which were introduced in Chapter 2. The principles of IE 
are interesting because they promote the recovery of waste from one process as input into 
another one; they aim to maximise resource efficiency and the wide-spread ability to recover 
materials. Isenmann and Von Hauff (2007) remarked that management research has sought 
to reconcile industrial success with industrial visions of environmental protection for longer 
than 20 years. They identified two difficulties: First, a global governance perspective lacks the 
insight into the methods that would lead to locally effective actions. Second, the sheer 
dimension of information flows required for a top-down remote management is unrealistic; 
ultimately the coordination and calibration of industrial symbioses must be self-designed and 
self-controlled (Müller-Christ, 2007a).  Transposed onto the MLP structure, this implies that 
unlike norms and regulations at regime and landscape level, industrial metabolism changes 
take place at individual process level. That is, within a technology niche (see Chapter 2), 
creating a need to reconcile these two levels of change. 
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An important source of problems for individual firms is the requirement to adapt their 
autonomy to the laws of natural ecosystems as well as to those of partner firms. Remer 
(2004) pointed out that the solution premise in IE implies that management under current 
conditions is increasingly dilemma-management.  In fact, from a purely economic 
perspective, in which success implies continuously increasing income, the solution approach 
of IE seems “an affront; the imitation of ecological systems poses numerous limitations to 
profit. That is why attempts in science, policy and management to equalise environmental 
protection and income generation in a value system seeking a ‘win-win-situation’ have not 
worked for the last 20 years” (Müller-Christ, 2007a). The view of a technology manager from 
a leading European WMC corroborates this problem:  
“The main motivation for AD projects in the UK today is the energy. Digestate remains a by-
product that needs to be dealt with.” (Interview: WMC3)   
 
A qualitative assessment of the potential for IE of the technologies studied based on 
quantitative results for the cases included here is provided in Table 6.1.  
 
Technology Potential contribution to Industrial Ecology 
Combustion 
Very limited potential. Restricted to small amounts of 
metal recycling; final use as aggregate of other materials 
recovered as bottom ash. 
Fluidised bed gasification 
As above. Marginal advantage in the ability to use 
aggregate in vitrified form for a slightly wider range of 
building applications.  
Anaerobic digestion 
Elemental components used in energy generation exit the 
cyclic parts of the process as emissions. Potential for fibre 
recovery and true recycling of nutrients (except over-
fertilised areas). Coupled with food production and retail 
can offer cyclical benefits.  
Table 6.1 Waste-to-energy contribution to Industrial Ecology 
 
As noted in Chapter 1 these waste-to-energy technologies are suited to the current waste 
management paradigm, i.e. focus on end-of-pipe recovery as opposed to future emphasis on 
product design for recycling-friendliness. Therefore, the technologies that would supplant 
them in future are unlikely to be direct substitutes. That is because, as suggested in this 
thesis, innovations will likely be determined by industrial symbiosis schemes coordinated at 
regime level but executed at niche level. Thus, final-treatment technology may be supplanted 
in a regime-change timescale partly by reprocessing techniques, partly by manufacturing 
techniques and by product-design innovations (Paton, 1994).  The decreasing proportion of 
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“residual waste in the long term, e.g. longer than 40 years, may still be treated by a small-scale 
thermal treatment plant (Interview: WMC2).” Unless there are breakthroughs in steam cycle 
efficiency reducing the need for large scales, it could be inferred that thermal processes might 
be more akin to the medium and small-scale gasification plant studied here in conjunction 
with a gas turbine, assuming the efficiency gains will be increasingly valued.    
 
Some preconditions have been identified to overcome the barriers to IE mentioned above.   
 Areas of strength in UK manufacturing should continue to be identified for a critical 
mass to emerge. The following view from an industry body illustrates the concern: 
“There have been some [industrial ecology] successes in the UK but there is still much work to be 
done. Many people in the UK are too excited by input materials but we must not forget that 
industrial ecology needs industry. With more and more goods manufactured overseas, almost all 
cardboard and plastic processing is increasingly done in China, this is a very difficult strategic 
question.” (Interview: IB2) 
 Management of ‘business-ecology contradictions’ (Müller-Christ, 2007b) must be a 
competence of UK industrial managers. IE can only occur when managers are able to 
solve conflicts such as external coordination by an industrial consortium vs. self-
management; financial efficiency vs. sustainability; achievement of short-term goals vs. 
ensuring long-term viability; all of which are major challenges, as current ‘good practice’ 
tends to prefer structures that pre-empt decisions and do not tolerate much conflict.  
 In IE and climate change terms, impact-based targets would be more sensible than 
tonnage-based targets. “There are many misguided efforts to achieve high recycling targets by 
processing garden waste, while focusing on recycling energy-intensive materials such as aluminium would 
be much more beneficial. More attention should be paid to materials and fuel displacement and one 
should not be blinded by tonnage.” (Interview: IB2)  
 
Concrete action points that need to be addressed before making final decisions on 
infrastructure and to facilitate the transition to a circular economy as opposed to focusing on 
end-of-life treatment are recommended below: 
 Ascertain the proportion of goods that can be manufactured in a recycling-oriented way, 
which prevents materials from becoming toxic or down-graded when re-processed   
 Assess how many manufacturing processes are able to use recyclate as raw material 
 Figure out the pragmatic location of re-processing facilities near the points of arising and 
recovery of waste 
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 Refine macro-economic input-output data gathering that can be the basis for planning a 
transition to a system that would require minimum thermal treatment 
 Support for systematic enforcement of producer responsibility and similar norms can 
help create a technology mix where thermal treatment is reserved for toxic, 
unrecoverable waste.  
 
6.3.3 Bounded rationality in the perception of purpose of WtE 
Insights from several parts of this thesis, including stakeholder engagement, show that 
concerns about the additional complexity of gasification and the novelty of AD as a niche 
that replaces some previous activities (e.g. composting), are understandable. The concern can 
be understood from the perspective of deterministic appraisals that emphasise volume 
reduction, lower noxious emissions or energy generation under some configurations. The 
concern relates to the alternating priority given to these parameters one at a time.  Unlike a 
business-to-business relationship in the middle of a supply chain, where the common goal of 
profitability could be achieved through contractual adjustments, the priorities of actors in the 
waste-to-energy regime differ fundamentally as shown in Figure 6.2 illustrating how most 
pressures converge at the local government level. The implication is that the limiting factor 
for future developments are likely to be budgetary constraints for local authorities. A 
comment from a local authority waste management official is a case in point: 
“At local level, you have to make ends meet with the budget allocated from central government, 
while responding to the demands of the local population. The targets that you have to achieve also 
come from European and central government level, but it is at local level that they are met or 
missed and local authority managers are the foot soldiers of this battle… Then you have to 
manage the tender and selection process for the right waste management company and then manage 
that contract while accommodating the requirements of all the other interested parties.” 
(Interview: Waste Officer, GS4) 
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Figure 6.2 The direction of political pressures of key waste management actors 
 
With the phasing out of Regional Development Agencies the pressure on local authorities to 
deal with their local challenges individually is set to grow. In a way, Local Authority officials 
are the actors that can least afford to act guided by bounded rationality.  
 
Project priorities and metrics 
It follows from the difference in perspectives discussed in this chapter that the priorities to 
build WtE infrastructure are also likely to vary substantially. These differences, combined 
with the recent changes in both the waste and the energy policy regimes, have coalesced to 
slow down decisions to build capacity. The lag in planning and provision of treatment 
capacity noted elsewhere (Butler et al., 2011; Tunesi, 2010), confirms that differing metrics of 
project attractiveness have prevented agreement on market development.  An important 
insight is that decision metrics used by different actors have, in their current form, provide 
insufficient scope to distribute the costs and benefits of waste-to-energy new build, 
particularly of novel technologies. Factors such as the economic downturn (since 2008) and 
the UK spending review in 2010 reinforced the focus on commercial variables as was 
acknowledged by an industrial stakeholder: 
No matter how altruistic or environmentally minded the local authority is, in the end they have to 
ensure they do not go over-budget, so for them cost is still going to determine what they can do. 
(Interview: WMC3)  
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In institutional terms, the premise is that lack of dialogue between regional waste and energy 
government executives will preclude open analysis of the feasibility of waste-to-energy plants. 
This could make infrastructural development potential take a negative direction: (a) less 
plants than needed are deployed or (b) indecisiveness in the local definition of the energy 
recovery strategy (Tunesi, 2010)  
 
It becomes apparent that strategic market formation support is a short and perhaps medium-
term requirement in order to reconcile all the interests involved. Nonetheless, even if 
mechanisms were found to make emerging technologies more attractive, that may only be a 
partial solution. It would induce new build from a mechanistic perspective likely to neglect 
objectives other than commercial viability and landfill diversion. This could lead to a “low-
hanging fruit” phenomenon and to path dependency. An example is the deployment of 
steam-based electricity generation in gasification plants, which is discussed in the following 
subsection. 
 
6.3.4 Discussion of market development pressures 
This subsection presents some pitfalls of the current perspectives that control market 
formation.  It reiterates the need to adjust support as macro-economic conditions evolve as 
has been recognised elsewhere (e.g. Tunesi, 2010; Butler et al., 2011) for the impending 
‘investment gap.’  Related aspects are explored in section 6.6 concerning project investment 
and in Chapter 7 concerning the multi-benefit analysis framework. 
 
Timing and strategic support  
Waste-to-energy technologies studied here have been granted policy support based on their 
potential to deliver environmental benefit.  The following two examples illustrate the 
difficulty to introduce the right level of support at the right time for the right mix of 
technologies.  In a conference presentation by MVV Environment discussing different 
support mechanisms, the experience in a biomass combustion plant operating in Germany 
was used as example of the possible pitfalls of the feed-in tariff system (Carey, 2008). It was 
pointed out that:  
“…given the [temporary] discrepancy and lack of coherence in feed-in tariff values following 
difficulties to find a heat up-take client and the attractive level of the electricity-only tariff in 
Germany, one of our plants ended up not pursuing for some time the CHP support and was able 
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to function perfectly participating in the electricity tariff and dissipating the heat.” (Director of 
Business Development, MVV Environment, UK) 
 
As industry commentators have observed, no gasification (ATT) plants will be built in the 
UK unless they are perceived to be profitable (Tunesi, 2010).  Accordingly, as was 
ascertained during stakeholder engagement, WMCs are developing projects predicated on the 
two ROCs per MWh granted to emerging technologies. In general, the technical option 
perceived to involve the lowest risk has been chosen as the safest route to consistent 
support-related income. Instead of using a gas engine or turbine, the syngas is burned in a 
boiler and electricity is generated using a steam turbine. This has lower electrical efficiency 
and requires an increase in footprint area to treat the resulting high volumes of flue gas 
(Yassin et al., 2009). Reported efficiencies of processes with syngas combustion are between 
10% and 20% (Defra, 2007a). This is comparable with direct combustion without pre-
treatment, with efficiencies of 14–27%.  More gasification plants with steam turbines are 
being planned and the higher efficiency potential of using gas turbines and CCGT 
configurations is being foregone. The steam turbine configuration emerging as a compromise 
model is also referred to as ‘close-coupled’ gasification (Juniper, 2008). 
“…we are going to build a gasification plant that works with a steam turbine as the energy 
conversion prime mover. It is important to start operating within the support regime while 
minimising technical risks… In fact they [a normal combustion and this gasification plant] are 
not that different but the project will still contribute to gasification deployment and produce 
renewable energy.” (Interview: Technical Manager, WMC2) 
 
As noted in previous chapters, to internalise the positive and negative externalities of waste 
management, support is undoubtedly needed. Its absence would affect the achievement of 
regulatory targets as well as environmental and economic benefits. In view of all the 
dependencies, however, expecting to find the ideal timing and level of support seems 
unrealistic. The number of stakeholders and variables, e.g. demographic, macro-economic, 
technical, implies that support can only aim to achieve the best possible effect for the present 
appreciation of an evolving regime and landscape picture. Uptake levels and developments in 
macro-economic variables such as consumption will need to be monitored and iterative 
adjustment of support seems unavoidable. The feed-in tariff amendment processes in 
Europe, e.g. Austria, provides a useful example, albeit with the associated administrative 
burden. Lack of support, however, would be an even more unrealistic option, which would 
stall the formation of an inclusive market.  
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6.4 Constraints on the technical potential 
After reviewing the sources of market pressures, this section presents the empirical results 
relating to the pressures on the realisation of the full technical potential. 
 
6.4.1 Project constraints  
Apart from the demands on efficiency, there are inevitable implementation-related pressures 
irrespective of the characteristics of the plant. It is ultimately at project or regional scheme 
level that successful implementation is determined.16 In principle, fulfilment of the expected 
technical efficiency can only be reached when up-stream and down-stream material flows 
approach a state intended by the design. In reality, performance parameters are driven by 
demographics, geographical, logistical, policy and commercial dependencies, as described 
below. 
 
Heat up-take 
Recovery of useful heat has been shown to significantly improve the financial and the 
environmental results of WtE plants. As shown in Chapter 5, depending on scale, actual 
throughput and feedstock composition the basic heat sales and the support they could attract 
could determine whether a plant is commissioned or not.  
“Projects will be designed and executed by private companies, perhaps in partnership or with some 
support for government, so the main driver will be financial and whether projects continue to be 
built will be all about economics.” (Interview: Technical manager, WMC2)  
 
Finding the right client for heat uptake is a major task in project design (Lee, 2011; Bailes, 
2011; Wolter, 2011). It is characterised by the ability to find: 
 steady load of compatible grade 
 actual load at an appropriate distance, far enough to avoid disamenities of waste 
treatment and near enough to preserve the desirable heat grade  
 the client willing to enter into an adequately long commercial arrangement. 
 
Commenting on the feasibility of selling heat one WMC remarked: 
                                                        
16 As formulated in section 4.4, technical success or failure depends much more on the way 
technology is embedded in social systems than on the underlying science (Alexander, 2007).   
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“When you see the amount and grade of heat that would come out of a medium-scale plant you 
have to remember that there are only so many vegetable greenhouses we can work with, this is a 
non-trivial challenge.” (Interview: Technical manager, WMC2)  
 
When residential space heating demand is available, the challenge is to find a solution for off-
season periods. The implication is that unless cooling systems that transform heat into 
cooling become commonplace, which is currently not the case in the UK (Hawkes, 2009), 
there would be an unbalanced heat and power scheme. The analysis of implications of 
residential heat demand profiles and suitable combined heat and power technology are 
beyond the scope of this thesis.  
When a plant is forced (even temporarily) to dissipate heat output its environmental merit 
and potentially its commercial viability are affected even with support for other outputs. 
Moreover, if unaddressed, the situation may lend itself for intentional inefficiency if 
electricity rewards are attractive enough, despite heat dissipation. 
 
Dependencies of electricity income 
Electricity price fluctuations increase the level of risk. A way to minimise this effect is to 
conclude purchase agreements for the longest possible duration. The detail of the calculation 
of all modalities of electricity trading instruments is outside the scope of this research. 
However, stakeholders commented on the difficulty of achieving a favourable agreement. 
“It would be good to have price security for longer than a year. It would help project design and 
management but that is unusual...  Considering our scale and the business relationship we have 
with the utility we have had that some times but that is certainly not the norm and there is no 
guarantee for it in the future.”  (Interview: WMC1) 
 
The interview process confirmed the findings in Chapters 4 and 5 that, for emerging 
technologies, support is a crucial part of the electricity income, without which many projects 
currently being built would not have been considered. Support has enabled the 
implementation of landmark projects. This point is illustrated by the European hydrogen and 
bioenergy director at Air Products at a forum for investment in clean technology 
(Williamson, 2011). He commented on the viability of their waste gasification17 project, 
which  has been granted planning permission: 
                                                        
17 Although the Air Products project in partnership with Alter NRG is using a plasma-assisted 
gasification design different from the fluidised bed gasification design used as case study in this thesis, 
 145 
 
“We are convinced that the project brings the right technology to the right application and will help 
achieve waste and renewable energy targets… The kind of support available in the UK at present 
was a compelling factor to proceed, more so than in many other countries, and we are funding it 
from our balance sheet. We have a hydrogen business and we are interested in the syngas.”  (Ian 
Williamson, Air Products, panellist at Eco-Connect Forum, London) 
 
For smaller Local Authority projects where the plant might not be large enough to justify 
power purchase agreements with prices fixed for longer than a year, volatility of this income 
may deter investors and project developers. Unless the risks are shared in a suitable 
commercial arrangement, as will be discussed later in this chapter, this item can substantially 
slow down development of new technology.  
 
Up-take of non-energy outputs from gasification  
Finding up-take for aggregate from gasification and for incinerator bottom ash aggregate 
(IBAA) is generally not problematic (Lee, 2011; Bailes, 2011). Output from thermal 
treatment represents such a small fraction of the market that new plants are generally able to 
find a viable outlet (Riley, 2011). The characteristics of aggregate such as “its beneficial 
carbon footprint will make a difference in the market” (York, 2011). In fact, the UK 
Aggregates Levy incentivises re-use of existing aggregate to minimise the impact of quarrying 
for virgin rock (HMRC, 2011). It is worth mentioning that gasification bottom ash is of 
potentially better quality than incinerator bottom ash, which is currently recycled in aggregate 
applications (Defra, 2007b). The final quality of gasification-derived aggregate depends 
largely on process configuration. For example, the Ebara Twinrec process melts the reactor 
residue to produce a high quality vitrified slag (Selinger and Steiner, 2004). The only 
constraint is that long transport distances can undermine the environmental benefits.  
 
Up-take of non-energy outputs from anaerobic digestion  
Several objections to the use of digestate in agriculture were made before the development of 
the Publically Available Specification (PAS) 110 for digestate (Mahon, 2011). Concerns from 
food growers and final consumers are summarised in the following comment: 
“It was difficult for the market to accept that you could fertilise food production with what had 
been waste, particularly when it contained food waste of animal origin.” (Interview: Patrick 
Mahon, WRAP)  
                                                                                                                                                                     
the point is equally valid as it refers to the support given to all kinds of waste gasification under the 
Renewables Obligation.  
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These concerns are probably connected to events such as the BSE (bovine spongiform 
encephalopathy) crisis. The animal by-product regulations, however, were introduced to 
outline the requirements of animal-derived waste treatment, e.g. the pasteurisation step in 
AD plants. This requirement and the PAS 110 are intended to alleviate health-related 
concerns. In terms of transport, finding an up-take route for digestate within a suitable 
distance is important for the environmental credentials of the project. Proximity to 
agricultural land does not automatically represent demand for digestate. As illustrated in 
Chapter 5, in many cases it is conceivable that a neutral cost outlet could be found. Lack of a 
suitable up-take arrangement can present economic, environmental and public acceptance 
problems. 
 
6.4.2 Operational challenges 
During the stakeholder interviews, operational challenges featured as a key impediment to 
widely deploy WtE technology, mainly gasification. The main concerns expressed at 
interviews are presented in this section.   
 
Higher complexity of gasification 
A prominent criticism of gasification is its inherent higher complexity relative to direct 
combustion. It is often described as “staged combustion” (Swithenbank, 2006; Quicker, 
2010). One main argument against it is that unless the benefits are overwhelming, it makes 
little sense to increase the number of process stages for the sake of sophistication, thereby 
increasing technical risks.   
“If you are going to achieve the same or marginally higher efficiencies and yields, why would you 
want to design a three- or four-stage process and set yourself higher technical specifications and 
requirements?” (Interview: Prof. P. Quicker, RWTH Aachen)  
 
Gas treatment requirements in gasification 
As explained in Chapter 3, the principal objective of gasification is to produce a high-quality 
fuel or syngas. The technical premise involves using that syngas in a high-efficiency and high-
value application.  Combined cycle gas turbines deployed as integrated gasification combined 
cycles and, in the medium term, fuel cells are examples of such syngas applications, which 
exhibit higher efficiencies than steam turbines (Hogg et al., 2007).  Use of syngas in a gas 
engine, a gas turbine or a CCGT-based system requires gas cleaning, which entails removal 
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of tar and other contaminants associated with potential corrosion (Ryu et al., 2007). On the 
other hand, if syngas is used in a steam cycle arrangement, the efficiency advantages are 
forgone (Fichtner, 2004).  Fichtner (2004) also reported that CCGT configurations have yet 
to be widely deployed. It emphasised the lack of a track record of gas cleaning and cooling 
down requirements to enable the use of gas turbines. This point is part of the technology risk 
discussed in section 6.6.   
 
Internal energy consumption in gasification  
Although the electrical efficiency of gasification is higher than in combustion, additional 
steps such as pre-treatment, sub-stoichiometric oxygen control and gas cleaning imply a 
higher parasitic load.  Allocation of the energy consumption for SRF production through 
MBT entirely to the ‘internal’ energy requirement of gasification does not seem entirely 
justified.  From the perspective of an integrated strategy, it is conceivable to allocate MBT 
energy consumption proportionately amongst recyclate and recovered energy streams. This 
would ensure good life cycle assessment practice for all co-products and make the 
comparison between thermal treatments more proportionate.  In addition, such an allocation 
would reflect the positive externalities of recycling all the materials recovered through MBT, 
assuming a well-designed scheme and a market for recyclate.18  
 
Complementary benefits are more likely to be valued from an inclusive perspective 
encompassing lower dioxin emissions, higher energy yields, wider energy system impacts and 
fewer transport externalities.  One of the main findings of this research is that benefits that 
are not sufficiently valued (politically and financially) can only be appreciated collectively by 
using different valuation methods.  A key observation is that as the cumulative advantages 
arise, they can provide a wider justification for gasification deployment. At the same time 
these advantages are difficult to generalise due to local dependencies (see also Section 6.6.5). 
A more detailed explanation of a multi-benefit framework is provided in Chapter 7. 
 
Bacterial control in anaerobic digestion 
As noted in Chapter 3, one of the key operational challenges in anaerobic digestion is 
bacterial control. Optimal characteristics depend largely on local conditions and individual 
                                                        
18 Note the remark about the barriers to industrial ecology in section 6.3.2. Even if good-quality recyclate 
material were achieved through international producer responsibility norms and material standards, a critical 
mass of manufacturing industry is needed at a sufficiently close distance to avoid transport externalities to 
undermine the benefits of recycling. 
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parameters such as feedstock quality. For example, analysis of two-stage reactors designed 
for variable methane-hydrogen mixtures reported that after reaching a glucose feed load of 
60 g/l the system began to crash without opportunity for recovery through increased 
nitrogen (Cooney et al., 2007). Also, bacteria are highly sensitive to pH, which can cause 
accumulation of volatile fatty acids and inhibit bacterial growth (Chapter 3). This implies the 
need for precise management and intensive monitoring. 
 
High protein content of food waste  
Reasons why food waste has not been widely used as single substrate include the elevated 
concentrations of ammonia due to the high protein content, which leads to high nitrogen 
content on hydrolysis; although the concentration at which ammonia becomes inhibitory is 
still uncertain (Banks et al., 2011). This is another reason for the need of intensive 
monitoring. 
 
6.4.3 Security of disposal and security of feedstock supply 
 
Across categories of stakeholders the same waste material can represent a different pressure 
leading to tensions in the planning for efficient waste-to-energy systems. Below is an 
explanation of how bounded rationality regarding waste availability defines those tensions. 
  
For local authorities the main concern is the planning of disposal for their waste within their 
budget irrespective of positive or negative trends in growth. Local authorities require a 
competitive, predictable price with guarantees for available capacity. This has been labelled as 
the concern about ‘security of disposal’ since the late 1990s when landfill closures and slow 
build of thermal plant threatened to create a capacity shortfall (Radde, 2005). The potential 
for such a shortfall in the UK has also been noted (Butler et al., 2011; Tunesi, 2011). 
 
For thermal plant operators the opposite concern applies. They need to ensure availability of 
capacity to treat potentially growing amounts of waste. Thus, stabilisation of arisings would 
lead to over-capacity. They are concerned about ‘security of feedstock supply.’ To honour a 
contract, it is common “to scale the plant from the outset according to the projected waste 
arisings by the end of the project accounting for annual growth, but while waste arisings 
grow some commercial waste is also used to ensure operation at acceptable utilisation 
factors” (Interview, WMC3). This approach requires contingency waste sources if arisings do 
not grow. The main threat to security of feedstock supply for a waste gasification plant is the 
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variability in the market for SRF.  Scarcity of SRF treatment plant in the UK and 
overcapacity in the Netherlands and Germany have led to export of most of the SRF to 
those countries (Lascas, 2011). This trend might affect confidence in UK infrastructure 
investment; also, UK infrastructure may risk becoming dependent on this trend by accident 
rather than in intent undermining environmental and other considerations (Tolvik 
Consulting, 2011 cited by Parella, 2011).  By contrast, waste incineration plant, of which there is 
under-capacity in the UK (York, 2011), has the advantage of being able to process untreated 
waste and is unaffected by the SRF market and hence is less likely to suffer from security of 
supply than gasification plants.  
 
For independent SRF producers the requirement is two-fold. They need security of feedstock 
supply throughout the life of their plant as well as a secure disposal route. They need 
sufficient treatment capacity to ensure affordable costs that are viable after balancing the gate 
fee they charge for treating MSW and the gate fee they pay to thermal processors of SRF.  
 
For anaerobic digestion plants difficulties in security of feedstock supply are less pronounced 
than for gasification. Landfill tax in the UK incentivises the availability of feedstock; in some 
European countries a landfill ban of various waste fractions19 helps availability. Steady flow 
and consistent composition of feedstock are important for evenly scheduled operation, 
therefore appropriate supply contracts are a pre-condition for a successful project. There are 
two logistical concerns. First, high feedstock moisture constrains transportation over long 
distances. Second, 64% of household food waste is estimated to be avoidable. While 
preventing food waste could save 2.4% of the UK’s annual GHG emissions it could also 
reduce feedstock availability for AD (WRAP, 2009). 
 
This subsection has shown how opposed feedstock concerns can arise from commercial 
necessity and bounded rationality. The way in which policy addresses these concerns will 
definitely have a bearing on how infrastructure is developed. 
 
6.5 Institutional and political pressures 
 
                                                        
19 Defra (2011) reported landfill bans in several countries. France banned landfilling non-residual wastes in 
2002; Germany banned non-treated wastes to landfill in 1993 and combustible waste to landfill in 2001; the 
Netherlands all wastes that can be reused or recovered in 1995; Sweden non-treated municipal solid wastes to 
landfill in 1996, combustible wastes to landfill in 2002 and organic wastes to landfill in 2005. 
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6.5.1 Public perception 
This subsection explains the public perception difficulties facing new waste-to-energy 
technologies. Its objective is to present and not to rebut all the arguments that oppose 
deployment of plants using the technology. It highlights a well-known tension arising from 
communities having to come to terms with their own externalities.  
 
A public inquiry to obtain planning consent can delay or rule out consent. Regardless of the 
scale of the proposed plant, the public prefers not to live close to a treatment facility out of 
own welfare considerations. Thermal treatments are particularly affected. The first 
complication is the lack of distinction between them. A gradual change in perceptions (see 
Section 4.4) seems to be underway. Nonetheless, confusion, lack of awareness and the 
educational effort needed to overcome them remain important hurdles on the path to 
construction of plants. The comment of an industry body representative illustrates the point.  
“It is a fact that for most people there is no difference between thermal treatments. Depending on 
their technical awareness, some don’t know about the difference, others don’t understand it and 
others think it is immaterial.” (Interview: IB2) 
 
A technology manager of a company that proposes to use gasification illustrated that public 
lack of understanding of the differences can affect the consent process significantly.  
“Often you find that if you asked people whether they would accept lower dioxin emissions of, for 
example, 0.00001ng/m3 instead of 0.0001ng/m3 it will make no difference to them and they 
will give the same answer for both cases, which is ‘no’.”  (Interview: Technology manager, 
WMC2) 
 
In addition to normal confusion about emerging technologies, there is a complicated debate 
about thermal treatments led by action groups. Their campaigns focus on all thermal 
treatments and some describe alternative technologies as ‘hidden incinerators’.20 Complete 
technical discussion of their merits and socio-political analysis of their statements is beyond 
the scope of this thesis.  For the purposes of this research, however, it is important to note 
one key element. One of their main arguments is that thermal treatments undermine 
recycling (Friends of the Earth, 2009).  The problem with this argument is that it fails 
recognise that the responsibility for ensuring that only residual waste is thermally treated is a 
question of planning as opposed to a technology attribute. In any case, this is a major barrier.  
                                                        
20 Examples of campaigns against thermal treatments are at: http://www.no-
burn.org/section.php?id=107 and  http://ukwin.org.uk/  
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These elements constitute one of the most challenging barriers to deployment as they affect 
the work of project developers and influence perceptions of investors.  
 
6.5.2 Decentralisation and the Localism Bill  
This section presents the implications of removing the regional level of strategic planning.  
The cumulative effect of this decision, public opposition and the shortage of investment is 
also illustrated.   Relevant features of the Localism Bill are (DCLG, 2011):  
i) the abolition of regional strategies, on the grounds that local government did not have a 
say in the housing targets; 
ii) the introduction of local referendums; 
iii) introduction of the ‘community right to challenge’; and  
iv) the requirement to consult communities before submitting large planning applications.   
 
With respect to (i), the scale of existing and new waste treatment technologies does require 
regional coordination. As for (ii), (iii) and (iv) there will be directly elected mayors who will 
be motivated by political attractiveness. This is almost the same as expecting mayors to ask 
the constituency to accept externalities of waste treatment in their vicinity. In fact, building 
waste management plant is more intricate than a “for or against” question. It requires 
extensive information and analysis. Thus, it is questionable whether a referendum would be 
appropriate for this case.21 Moreover, considering current public opinion and the urgency for 
waste management infrastructure, these direct, binary, mechanisms are most likely to reject 
projects and to create a narrower national capacity bottleneck than the one currently 
identified (Butler et al., 2011).  In fact, other researchers suggested, before the announcement 
of the Decentralisation and Localism Bill, that “regional planning bodies, local authorities or 
the private industrial sector cannot by themselves solve the problem of rapidly building an 
integrated infrastructure for WM and there is a strong claim for a national coordination role 
if national targets are to be met” (Tunesi, 2010). 
 
                                                        
21 It would be unrealistic to expect a reasonable level of waste-related education and awareness at 
general public and government levels in advance of an urgent referendum on an issue “at hand.” 
Intrinsic to for-or-against decisions is a sense of urgency and a timescale difficult to reconcile with 
the need for extensive information that is germane to waste management infrastructure. 
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There are valid reasons for concern about the removal of regional planning.   To illustrate 
this, it can help to summarise the benefits of regional planning that will be forgone (which 
were in force during early stages of work to prepare this thesis). 
 Ability to pool expertise, financial and other resources 
 Ability to pool industrial sinks for heat, electricity and materials 
 Achieving a meaningful scale of waste arisings to build a portfolio of suitably sized 
facilities for different waste sub-streams 
 Ability to make informed location choices amongst several options 
 
How serious the loss of these benefits can be for WMCs and local authorities was elucidated 
by a representative of a professional body. 
“The Decentralisation and Localism Bill is very important, because planning is a very tough test 
as it is. Government logic is very different now, previously it used to be ‘at the most central level 
possible’ now it seems to be ‘at the most local level possible.’ The new type of waste strategy 
emerging from that could be expected to apply at village level. Therefore, there can be 
neighbourhood plans emerging. This could complicate significantly the way waste management 
companies provide their services. All in all it will be a tough challenge.” (Interview: IB2) 
 
A further example comes from the former chief executive of the Environment Agency, 
Barbara Scott Young, who highlighted that “decisions had to be made about these very 
important facilities, but no local community was going to accept them voluntarily (Mann, 
2011).” She also recommended questioning whether the new regulation would create a clear 
strategic framework “on a scale greater than local that business, investors and developers are 
crying out for.”  When asked about the specific challenges of small-scale decision making on 
waste infrastructure an industry body representative pointed out:  
“We need to remember that the average district council has between 50,000 and 100,000 
inhabitants, whereas waste planning councils have typically 500,000 inhabitants. Also, regional 
spatial strategies are about to be abolished… We think that green economy jobs, water and 
material resources can only be planned regionally. You need a resources view at regional level and 
planning should see waste as an economic advantage. It is the planners’ job to ensure that there 
will be a heat off-taker at the back of an incinerator and that takes a regional view. It is also 
their job to ensure that exothermic processes with various needs [such as] 60°C for water for 
vegetable greenhouses or laundry or 30°C for air will be within reach.” (Interview: IB2) 
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This realignment in policy and procedures might need different stakeholders. Butler et al. 
(2011) contend that the abolition of English Regional Spatial Strategies has created 
“uncertainty around future decision-making for waste infrastructure that does not fall within 
the Nationally Significant Infrastructure Project (NSIP) category [e.g. small or medium scale 
plants].” They suggest that the bill make provision for projects that fall outside the NSIP 
framework that meet the commitment in the National Infrastructure Plan for a “transparent 
planning and consents regime able to respond quickly to the need for new infrastructure.” 
 
A positive aspect of the Localism Bill is the ‘duty to cooperate’ among local authorities on 
environmental issues such as flood prevention and public transport.  Given the landscape 
changes that will ensue, the findings in this thesis agree with Butler et al. (2011) that the duty 
to cooperate must be grasped as an opportunity to achieve “larger than local planning”. 
Butler et al. (2011) recommend using the duty to cooperate to establish a coordinating body 
to identify sites for strategic facilities and aggregate waste arisings and plan new facilities. 
 
6.5.3 Impact of bounded rationality on departmental cooperation 
According to earlier findings of this thesis, typical organisational structures seem to prevent 
the coherence of objectives that is needed between the waste management and energy 
sectors. The experience of a county-level energy officer validates this finding: 
“We had a successful biofuel project that received a lot of attention.  It became clear that 
agricultural waste and waste generated from tourism to our area would be excellent feedstocks for 
energy projects. We tried to start a dialogue at a higher level between waste and energy executives. 
The idea was not dismissed at first, but when it came to talking around the table it was difficult 
for both sides to see why and how they should change the way they do things. The energy executives 
thought their main involvement would be to provide money and quickly said they did not have 
additional funds to make available for waste projects. The attempt was seen as a distraction and it 
did not progress any further.” (Interview: GS1) 
 
As historically different objectives tend to create path dependency they reinforce bounded 
rationality. In local government, this seems to create natural barriers to the collaboration 
needed to allow new technologies to mature and to respond to regime-level pressures.  
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6.6 Pressures on investment for infrastructure 
During the stakeholder engagement phase five themes became clear sources of risks for the 
private companies that will increasingly be responsible for building the infrastructure.22 As 
long as most of the components of the risk themes described in Table 6.2 are overcome, 
progress towards meeting landfill diversion targets seems achievable.  The sub-sections that 
follow provide empirical and theoretical context to the risk themes identified. 
 
PROJECT   RISKS 
Technology 
Risks 
 
Planning Risks Feedstock Risks Output Market 
Risks 
Policy Risks 
1) Track record  
and “reliability 
issues,” (Poor 
demonstrations 
taken as official 
performance 
e.g.NTDPAof ATT) 
 
2) Questionable 
international 
transferability 
(Performance of 
some technology 
can depend on 
local conditions 
difficult to 
reproduce) 
 
3) Limited 
regionally-
relevant R&D 
 
1) Opposition 
(Some localities 
oppose 
installations 
more forcefully 
than others)  
 
2) Variable 
understanding 
(Some 
stakeholders  do 
not distinguish 
well between 
treatments) 
 
3) Difficulty of 
actual vicinity to 
heat uptake 
1) Cement kilns 
and alternative 
industrial fuel uses 
(Industry can 
absorb  various 
amounts of 
feedstock and 
depress gate fees) 
 
2) Can SRF/RDF 
become 
commoditised and 
liquidly traded? 
 
3) Unknown 
availability of C&I 
feedstock 
contracts 
 
4) Unknown 
availability of LA 
feedstock 
contracts 
1) Ability to 
involve the right, 
consistent users of 
electric, thermal 
or material output 
(agreements with 
nearby hospital, 
confectionery 
factory, 
greenhouse, etc.) 
 
2) Can duty to 
cooperate be 
exercised in the 
new localised 
planning?  
(Appropriate heat 
or digestate users 
may be in a 
different 
constituency.) 
1) Relative 
novelty of 
support 
mechanisms. 
 
2) Open-
mindedness of 
the government 
in policy making 
and revision is 
unsettling for 
financiers 
 
3) Uncertainty 
about changing 
policies by 
changing 
governments  
A. New Technology Demonstration Programme 
Table 6.2 Risk categories for waste-to-energy project deployment 
 
6.6.1 Policy uncertainty 
As observed from table 6.2, policy risks are closely related to novelty and uncertainty of the 
policy. WtE technologies are affected by uncertainty in energy-related policies, e.g. price of 
carbon, renewable energy support, and by waste-management-related policies, e.g. taxes and 
                                                        
22 Credit must be given to all interviewees for elucidating the themes but especially to Steve Lee and 
Peter Jones for their market-wide insights. 
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penalties. The recent change of government in the UK introduced an intensive period of 
policy review as shown in Table 6.3.23  
 
Policy subject Date changed / 
published 
Spending Review for Waste Management Projects December 2010 
The Decentralisation and Localism Bill  December 2010 
UK Renewable Heat Incentive March 2011 
The Government’s Review of Waste Policy  June 2011 
The Government’s Strategy on Anaerobic 
Digestion 
June 2011 
Electricity Market Reform White Paper July 2011 
Table 6.3 Changes to UK policy in the waste-to-energy regime 
 
The effect of intense policy change on the decisions of industry in a time when significant 
infrastructure new build is needed is confirmed in the following statement: 
“It is unfortunate that the open-mindedness of the government to create a positive combination of 
incentives actually creates uncertainty. This undermines the ability of interested companies to do 
proper investment analyses and plans. It makes the market nervous.” (Interview: IB2)  
 
The observation coincides with the phases of “de-alignment/re-alignment” during 
technology transitions described by Geels and Schot (2007).  From the perspective of energy 
generation infrastructure, Yang et al. (2008) studied the effect on risk premiums for 
investment decisions taken at different time intervals prior to a point in time when policy 
uncertainty is resolved.  As they explained, if a coal plant were the marginal plant and carbon 
prices were passed through to electricity prices at a rate determined by the high emission 
levels of a coal plant, gas and nuclear plant would be strongly affected by changes in the 
carbon price. For a coal plant, however, potential changes in carbon prices would have a 
similar effect in both costs and revenues, making it less sensitive to carbon price changes. 
Conversely, if gas were the marginal plant, the pass-through of carbon prices to electricity 
prices would be lower given the lower emissions of a gas-fired plant compared to a coal 
plant. Thus in this case the carbon price risk for coal and nuclear plants would be rather low. 
 
                                                        
23 As explained in Chapter 2, every effort was made to discuss the impacts of these changes or ensure 
that they are covered in sensitivities, although the majority of the research and calculations had 
already been completed. Inevitably, however, there will be some implications that are still unfolding 
and could not be captured by the analysis. 
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Figure 6.3 Risk premium development for coal plant 
Source: Yang et al., 2008 
 
 
Figure 6.4 Risk premium development for gas plant 
Source: Yang et al., 2008 
 
It is possible to observe from Figure 6.3, how risk premiums would behave for a coal plant 
investment assuming different fuels for marginal generation and from Figure 6.4 how they 
would behave when investment in gas plant is considered. In both cases the regulatory 
uncertainty was linked to the definition of a carbon tax. Although the type of plant that is 
most affected by the change depends on which type of generation is the marginal plant, it is 
unsurprising that risk perception increases as the expectation of a policy change24 grows. As a 
result, firms would weigh up the opportunity costs and perhaps try to delay decisions until 
the policy is defined. 
 
As waste management companies will now deal with these electricity market uncertainties, 
they will likely be faced with challenges they were not traditionally equipped to address. In 
addition, policy uncertainty is likely to contribute to defer investment in infrastructure. The 
impact of that could be serious accounting for the timescales for consenting and building. 
                                                        
24 Sometimes also called ‘regulatory shock’ (Yang et al., 2008). 
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Combined with other pressures, deferment can increase the probability of an infrastructure 
shortfall. 
 
6.6.2 Perceptions of the financial community 
Financing difficulties differ between anaerobic digestion and thermal treatments as a 
function of their different scales, constraints and levels of public acceptance.  
 
Anaerobic digestion 
Due to being a biological process, to its local deployment and to its small to medium scale 
anaerobic digestion tends to face less public opposition than thermal treatments. This results 
in a relatively more receptive investment attitude. AD is sometimes described as one of the 
leading renewable energy technologies in which to invest (Osborne, 2010). Nonetheless, a 
cautious tone can still be perceived in the market as exemplified by the Parliamentary Office 
of Science and Technology (POST) with some specific concerns published for information 
of policy makers and members of parliament: 
“Access to finance is currently challenging for many AD plants. The rate of return provided by the 
Feed-in Tariffs or the Renewable Heat Incentive may not be sufficient to overcome the technological 
and feedstock supply risks that are greater than for other renewable technologies. There are also 
fears about the long-term security of financial incentives following the recent unplanned adjustment 
of the Feed-in Tariffs. Specifically, the incentives may be too low to stimulate small farm-based 
AD.” (POST, 2011) 
  
This statement illustrates the influence of perceived policy stability and investor confidence. 
Unfortunately, it was unclear from the document the technical risks that were meant and 
how investors understood them.  
 
Gasification 
Changes to the Private Finance Initiative Programme (PFI) as a result of the spending review 
of the UK government (Defra, 2010) removed an important part of funding for the industry, 
which refers mainly to incineration. Analysis by Defra (2010) concluded that the impact of 
these changes was not critical, as the remaining part of the programme would cover the 
installations required to achieve the landfill directive targets. Whether the speed of economic 
recovery and the resulting levels of waste arisings could align with Defra’s projections 
remains uncertain. The following statement illustrates the appreciation of plant operators: 
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 “It is still unclear how, but we are confident that the industry will deal with the waste, at a cost 
not known today, of course, but the industry will respond.” (Interview: IB1) 
 
In terms of how the financing void left by PFI will be filled, a more informative view from 
industry reveals that along with the removal of PFI comes the removal of potentially 
restricting control, which can create opportunities: 
“With the end of PFI the market will need to look at PPP [Public-Private Partnership] and 
merchant facilities. Actually, in a way, there are tiers of uncertainty being removed from the 
investment process. Considering that PFI was for LA-controlled MSW, what we need now is a 
scheme that can consolidate C&I and MSW.” (Interview: IB2) 
 
As for the specific impact on alternative technologies, the statement of a technology manager 
clarified that this period of re-alignment offers opportunities for AD and ATT given that 
energy incentives are becoming a more prominent motivation:  
“The nature of PFI meant that the programme would only ever consider existing technologies, so 
[it was] not really relevant to alternative technologies.” (Interview: WMC2) 
 
Looking into the future, the withdrawal of PFI might end up creating opportunities for 
alternative technology. Moreover, as energy incentives might become the motivation to 
pursue the potentially higher energy yield of ATT, it may be that merchant plants, similar to 
the Air Products project in Billingham, will not just be a good niche model but it might be 
one of the main regime-level models. In general terms, a generic model that creates an 
Energy Security Company (ESCO) might be the basis for many possible variations. ESCOs 
can be created by private or public entities. They would involve stakeholders that are 
individually unable to take the full investment risk such as local authorities, energy 
companies, technology suppliers (Zglobisz and Castillo-Castillo et al., 2010). The ESCO can 
be referred to as special purpose vehicle (SPV) that retains the investment risk, thereby 
removing liability on the income stream of the investing partners. The partners would be 
expected to cover their risks as follows: 
 Technology providers would cover the risk of technology failure 
 Local authorities would cover the risk of feedstock supply failure 
The most interested potential participants are, logically, technology proponents; apart from 
local authorities other potential partners are large private sector waste-producing companies, 
e.g. supermarkets, and energy utilities.  
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As a whole, policy uncertainty and technology risks linked to the novelty of the technology 
seem to present enduring barriers to finance including credit and insurance for alternative 
technology, particularly gasification.  Established WMCs are the main stakeholders that could 
be able to attract finance because they are associated with lower levels of risks; however, they 
are cautious about the opportunity cost of investing in something new when they already 
have a profitable portfolio. Individual technology proponents, by contrast, do not have a 
portfolio of options but financiers associate them with higher risk.  Construction of 
alternative technology plant, therefore, is likely to continue to depend on the participation of 
established WMCs or industrial companies, through partnerships.  
 
6.6.3 Lack of extensive commercial track record  
A fundamental requirement for access to finance and insurance is a demonstrable track 
record, which, by definition, alternative technologies still lack in the UK.  In addition, the 
more complex the technology, the stronger this pressure becomes. Gasification with CCGT 
is, therefore, more seriously affected. Paradoxically, precisely because the higher efficiency 
modes of energy recovery are less proven, the potential benefits are offset by the increased 
technology risk (Juniper, 2008). This reiterates the finding during stakeholder interviews that 
several companies are planning to use less efficient energy recovery configurations (e.g. 
steam turbine) mainly due to their perceived lower technology risk.  
 
The UK Waste Implementation Programme (WIP) reported that there are many examples of 
ATT that are established using homogeneous waste streams such as biomass and tyres, but 
that a smaller number (12 out of 25 examples) are proven with heterogeneous feedstock such 
as municipal wastes in Europe, North America and Japan (Defra, 2005). Nonetheless, 
international successes do not ensure acceptability by the UK financial sector. Concerns 
about technical transferability are illustrated in the statement of a government stakeholder:  
“Even if technologies work well on the continent, we have had some experiences with different 
technologies where they do not translate very well to the UK context perhaps due to feedstock or to 
environmental conditions.” (Interview: GS3) 
 
Lacking a successful track record remains a serious hindrance, particularly for gasification, 
which emphasises the importance of successful demonstration and first installations required 
to overcome it. This is one reason why foreign technology providers may need to form 
partnerships with established UK WMCs. 
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Finally, an important parallel development that might help the development of food waste 
anaerobic digestion projects was the creation of the Publically Available Specification 110 
(PAS 110). It creates market confidence about the suitability of digestate as a soil improver. 
This is a pre-condition for many projects that need to find an uptake route, e.g. at neutral 
cost, for their outputs to ensure commercial viability. 
 
6.6.4 Shortage of impartial reviews 
Because of their bounded rationality, each market actor usually presents their activities or 
choices according to their understanding, interests and reputation.  
 
Anaerobic digestion 
Two rare examples where bounded rationality may affect evaluations of AD are: one view 
centred on scale and carbon and, second, one centred only on carbon. The first is illustrated 
by the view of a company promoting a particular kind of scheme. 
“The Government is about to produce policy to support hundreds of small-scale plants that don’t 
work. We need to explain that to them and seek to promote geographical optimisation at a much 
larger scale that does deliver carbon benefits.” (Interview: WMC5) 
 
The second view, i.e. carbon-centred,  is exemplified in a study the reports that, although AD 
would produce 1.6 times as much energy as incinerating the waste “when the power 
necessary to operate the AD facility and the diesel consumption of the separate collection are 
taken into account AD becomes the less-advantageous process” (Burnley et al., 2011).  It 
further suggests that in energy terms “there is no advantage in collecting food waste for 
digestion if a municipal waste incinerator is available.” Inspection of table 14 of that study, 
however, revealed that a value of zero was assumed for energy expended in waste collection 
for incineration as well as for parasitic losses.  This kind of bounded rationality (and partial 
analysis) becomes a significant pressure when the merits of anaerobic digestion are restricted 
to carbon comparisons of varied accuracy. Furthermore, AD benefits related to nutrient 
redistribution and displacement of chemical fertiliser externalities are neglected in the study.   
 
Gasification 
New entrants to the waste-to-energy regime, i.e. technology proponents, present their case 
from a positive angle. On the other hand, several sources (ranging from engineering firm 
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reports to journalism) report the pitfalls of alternative thermal treatments. Content varies 
greatly in technical competence. Whilst it is important to recognise their impact on 
perceptions, a systematic review of the merits of all such publications is beyond the 
objectives of this research.25  
  
A prominent example of the impacts of biased interpretation of the sources involves the 
results of the New Technologies Demonstrator Programme (NTDP) financed by Defra 
(Powry, 2010). The demonstration was based on a combustion plant retrofitted as 
gasification plant, which achieved markedly low efficiency. The results are readily quoted by 
established stakeholders and some industry bodies as being representative values of best-
practice performance (Interviews: IB1; WMC1).  The significance of misinterpreted 
information and scarcity of balanced sources is that own-welfare motives might reinforce a 
preference for least-change, least-cost and least-risk options.   
 
It is also worth highlighting that it is not always clear what is meant by ‘technology risk’ or 
‘unproven technology’ for gasification projects. It would be helpful if sources clarified 
whether they refer to the risk of feeding MSW-derived feedstock into a gasifier or to the 
combination of gasification and GT, in which case they should state that the risk is on gas 
cleaning instead of the main reactor. The benefits of gasification are often regarded as 
marginal by important stakeholders, including some industry representatives (Interviews: 
IB1, WMC1 and WMC2).  Thermal efficiency differences (smaller than electrical efficiency 
differences) shown in Table 6.4 are not considered compelling. This is particularly relevant 
when their implications are not understood, which was the motivation for section 7.2.   
 
  Overall 
thermal 
efficiency (%) 
Electrical 
efficiency (%) 
Electricity 
Export 
(MWh) 
Small  
scale 
MBT100+ATT50  37.63 21.58 55,000 
ATT50  38.22 22.17 56,500 
COM100 37.50 17.50 39,618 
Medium  
scale 
MBT200+ATT100  41.85 23.79 121,289 
ATT100  42.43 24.38 124,289 
COM200 40.04 20.04 90,727 
Table 6.4 Efficiency and electricity export comparison 
 
                                                        
25 It is worth mentioning that the fewest publications provide critical analysis accompanied by 
recommendations or possible improvements such as the report by Fichtner (2004). 
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An important consideration is that a small percentage difference might contribute straight 
into profit margin. Table 6.4 also reveals that: 
 At medium scale, a 3.75% higher electrical efficiency of a co-located MBT-gasification 
plant implies an electricity export 33.69% higher than that of combustion. 
 Comparisons in this thesis are between a co-located MBT-gasification plant and a stand-
alone combustion plant. Nonetheless, focusing only on the thermal plant at the same 
scale, energy output and efficiency comparisons would appear much more favourable of 
gasification, e.g. electricity export of ATT100 of 124,289MWh vs. 39,618MWh of 
COM100; electrical efficiency of ATT100 of 24.38% vs. 17.50% of COM100. 
 
Similarly, valuation of macroeconomic benefits, e.g. energy security and lower energy 
intensity of GDP (Chapter 1), remains excluded.  To what extent additional benefits are 
valued will depend on energy price trends and energy import ratio as a proxy for energy 
security and stability (see Section 7.5). 
 
6.6.5 Project-specific benefits 
Anaerobic digestion   
Decisions on support through policy are often backed up by generalising judgements about 
the merits of the technology. It is difficult for generalising statements to be applicable 
particularly when the assessment of the technology is sensitive to local physical and 
commercial conditions and can be unhelpful when trying to decide how to adjust policy 
support.  Achieving the intended environmental benefits of AD can depend on the adequate 
conditions for each project, which vary according to location. It is contended here that the 
merits of the technology are best assessed at a project (or scheme) level; and that care should 
be taken to clearly state the many variables involved in addition to the AD reactor itself.  
 
For stationary energy uses, the following factors have been identified in this thesis as 
determinants for deriving the benefits of AD and they are by necessity highly localised and 
also not amenable to a generalised judgement: 
 Steady operation depends on the reliable supply of local biodegradable waste 
 Energy yields as well as the suitability of digestate to meet standards for soil improvers 
vary according to the local feedstock composition  
 Commercial viability, fossil fuel displacement and GHG abatement will be enhanced by 
the availability of local heat and digestate off-takers  
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The following constraints to the use of biogas as vehicle fuel were reported in a 
comprehensive review of renewable energy (AEA, 2010), which, of course, is not taken as 
definitive but as indicative. They imply a better potential to derive benefits from AD in 
stationary uses: 
 The returns possible for biogas as a vehicle fuel through the Renewable Transport Fuel 
Obligation are inferior to those available for electricity and heat uses  
 The distribution infrastructure of gaseous fuel is still deficient and might only be created 
by committed users such as fleet owners 
 The institutional emphasis seems to be on liquid renewable fuels 
 
Thermal treatments 
It is recognised throughout this thesis that results are based on particular data sets, 
calculations and assumptions; in reality, substantial variation can exist between plants of the 
same technology. Important local dependencies, some of which are similar to those of AD 
for stationary uses, have a bearing on actual project performance, which undermines the 
validity of generalising statements. The most important dependency, which can determine 
viability of a project as combined heat and power generator is the access to nearby heat off-
takers with the appropriate load. 
 
The prospect of investment in gasification still depends on the confidence of potential 
project developers. Influential stakeholders interested in gasification identified the 
requirements that would help them decide to build high-efficiency gasification plants using 
CCGT conversion equipment. If the following characteristics were successful in 
demonstration, the most important concerns would be addressed (Interviews: IB4 and IC1): 
 Electrical capacity between 5 and 20 MW, preferably at least 8 MW 
 Able to treat the waste of a medium town of between 30,000 and 60,000 inhabitants 
 Efficiency of 25% including pre-treatment 
 Availability of 80% 
 Stable gas-cleaning operation for at least one and a half years  
 
6.7 Summary of market pressures and opportunities 
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The synthesis of stakeholder perspectives revealed several trends resulting from market 
pressures. In relation to the research question on the market barriers that still need to be 
overcome to deploy WtE, it identified the motives of stakeholders and some opportunities to 
overcome the barriers. Key messages are summarised below: 
Barriers 
 Most of the project risk for novel technology affects the WMC operating the plant. 
Therefore the focus in the industry is on installing ATT configurations that qualify for 
policy support with the lowest possible risk.  
 Lack of track record still poses problems for finance and insurance, which also 
contributes to the choice of compromise configurations such as the close-coupled 
gasification plants (using steam turbines). This trend undermines the potential for higher 
efficiency and potentially starting a technological lock-in if such installations continue to 
become the dominant design. 
 The energy sector is less eager to engage in WtE projects than the waste management 
sector; it perceives WtE as a niche with small revenues and low margins 
 The perception of resource scarcity required for recovered materials from MBT and 
ATT to become more valuable and strengthen the case for ATT, might only arise in the 
next 15 years or later, by which time many technology choices will have been made  
 
Opportunities 
 The waste industry is getting to grips with the challenge of entering the energy industry 
 Opportunities for AD of food waste are being grasped by new stakeholders such as 
supermarkets 
 WMCs are adopting a project-by-project assessment and moving from a complete 
rejection of novel technology to gradual acceptance when incentives are compelling 
 WMCs are considering co-location of several technologies to reduce logistics costs and 
spread some of the implementation or ‘project’ risks. 
 Novel technology companies are trying to form strategic partnerships with WMCs or 
industrial companies to increase their credibility and to improve access to funding. 
Delicate trends entailing opportunities and threats 
 The main motivation for WMCs is the double-ROC incentive, those looking to operate 
WtE are seeking the safest route to energy incentives; efficient use of recovered material 
is secondary. 
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 With the withdrawal of PFI support, most infrastructure will be built by private project 
developers; whilst this reduces previously limiting controls (e.g. categories), it also implies 
that technology choice will need to respond to the requirements associated with short 
term profitability as opposed to, e.g., maximum efficiency or fossil fuel displacement.  
 Redefinition of MSW to include MSW-like C&I has the potential to increase economies 
of scale for plant operators but also to increase cost pressures on local governments. 
 
The outlook for gasification is complicated. If the number of gasification plants being built 
over the next five years operates successfully throughout project lifetimes, then the 
gasification reactor can become ‘proven,’ which can be an opportunity. The unproven part 
would be the combination with CCGT, which is proven in its own right. Therefore the 
limiting factor will continue to be reliable gas cleaning, which can be improved more easily 
and less costly than improving entire reactors. A key recommendation from Chapter 3 is to 
prioritise research on some existing possible solutions, such as use of sodium bicarbonate. 
Wider deployment, however, might still depend on incentives on the additional efficiency, 
which is studied in Chapter 7. 
 
Waste treatment, traditionally, has not had the objective of producing anything marketable 
and has been regarded as a public service. To enable it to become a private enterprise, its 
services need to be marketable. Because WtE technology serves several purposes 
simultaneously, it cannot compete on cost per kWh with technologies that use high calorific 
value fuels and only produce energy. For these reasons, WtE is likely to need, also in the 
medium term, a policy instrument to make its energy competitive. However, the waste 
management sector has already used the main policy tools available, e.g. landfill tax and 
penalties (landfill allowance trading is being removed). Thus, if any market instruments are to 
be used, the only commodity to tie them to is energy. Chapter 7 explores the possibility of 
having alternatives to energy support and relying on carbon as proxy for efficiency.     
 
Negative evaluations of the benefits of novel waste-to-energy technology become 
questionable after contrasting pressures, opportunities and future macro-economic 
requirements. This is one of the tasks to which Chapter 7 now turns. 
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7. Implications for policy 
 
7.1 Introduction to implications for policy 
Benefits beyond treatment of waste and energy recovery are normally neglected. Without 
acknowledging those benefits, it is more difficult to justify support for the technology 
that provides them. It is necessary to identify the categories of benefits for two reasons. 
First, to enable them to be studied and quantified further. Second, in order to value 
them as an aggregate of components in synergy. Therefore the benefits of combining 
energy recovery and waste management are: 
i. Increased energy security 
ii. Increased diversity of energy supply and material recovery methods 
iii. Increased stability and predictability of energy supply 
iv. Displacement of fossil fuels and greenhouse gas abatement 
v. Increased self-sufficiency in energy  
vi. Increased self-sufficiency in waste treatment externalities 
 
Given that the only benefits valued to date are energy output and tonnage processed, it 
is necessary to extend the assessment framework. This chapter also analyses the 
characteristics of efficiency of recovery of energy and heat from waste to explore the 
implications for incentives. The rest of this chapter, mainly Section 7.5, sets out to 
explain the assessment of multiple benefits. 
 
7.2 Exergy analysis  
This sub-section uses thermodynamic and policy-based indicators to evaluate the energy 
efficiency of waste-to-energy technologies. Reimann (2004) pointed out that such 
indicators can generate widely varying results and that they do not necessarily allow a 
direct conclusion about environmental performance.  The scores that the thermal 
treatments studied here would achieve for these indices are calculated and briefly 
discussed. It is worth noting that although most of the principles are also applicable to 
AD, the calculations have used the example of thermal treatments for two reasons: 
 The initial impetus for analysis is the R1 criterion (section 7.2.1) that determines 
when  recovery becomes the main purpose of a plant and it applies only to thermal 
treatments 
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 The comparison between the two competing thermal treatments lends itself for a 
neat illustration using performance data already partly calculated in this thesis (AD 
has no competitor) so section 7.2.2 might only be relevant in the sense that it implies 
using best available technology references as a benchmark in the absence of a 
competing technology.26) 
 
7.2.1 Energy utilisation in thermal treatments and the R1 criterion 
Annex II of the Waste Framework Directive 2008/98/EC (European Parliament, 2008) 
defines high-efficiency energy recovery through thermal treatment. It details the 
weighting of different outputs required to achieve the status of recovery (i.e. a waste-
fired power plant) as opposed to treatment with recovery. Member states have been 
required to apply it since 12 December 2010 (European Commission, 2011). To 
incentivise high efficiency as well as use of heat, the Waste Framework Directive (WFD) 
sets out the requirements for satisfactory operation in combined heat and power mode. 
Nevertheless, determining the exact overall efficiency is more complicated than for 
facilities generating only one energy output. It is therefore instructive to compare the 
political indices with thermodynamic indices such as exergy efficiency as presented in 
this section. 
 
The WFD sets out the R1 formula (Equation 7.1) to achieve the status of recovery 
installation: R1 Use of the waste feedstock principally as a fuel or other means to 
generate energy (European Parliament, 2008) as follows: 
 
Thermal treatment plants must achieve an overall R1 efficiency value equal to or above: 
 0.60 for installations already in operation on 1 January 2009 
 0.65 for installations permitted after 31 December 2008 
 
    
(   (     ))
     (     )
 
 
Equation 7.1 
 
                                                        
26 An attempt at suggesting the escalating values of the rewards for each level of efficiency was 
beyond the scope of this chapter. It seems however a sensible recommendation for future 
investigation. 
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Where Ep is the annual energy produced as heat or electricity; Ef  is the annual energy 
input to the system from fuels contributing to the production of steam in GJ/year;  Ew 
means annual energy contained in the waste feedstock calculated using its net calorific 
value in GJ/year;   Ei  is the annual energy imported excluding Ew and Ef  in GJ/year;  
and the factor of 0.97 is a factor accounting for energy losses due to heat ending up in 
the bottom ash and also as radiation from various parts of the plant. 
 
The summation of absolute values of thermal and electrical outputs for total efficiency 
comparisons across technologies has the important shortcoming that it disregards the 
difference in energy ‘usefulness’ between the two kinds of output. This ignores the 
distinction between kinds of feedstock and products needed at a dedicated electric and a 
dedicated thermal plant to achieve the same overall generation level. That is why it is 
important to use energy equivalence values, e.g. by applying factors, to enable 
comparisons. To calculate Ep the different energy outputs receive an individual 
weighting as detailed in the R1 guidance in European Commission (2011). 
 
 Electricity is multiplied by a factor of 2.6, which can be explained as the requirement 
of energy needed to produce 1 MW of electricity in an average European coal power 
plant, not a waste treatment plant27, assuming an electrical efficiency of 38%, i.e. 2.6 
MW of steam needed for 1 MW electricity.  
 Heat is multiplied by 1.1, which is the steam energy needed to produce 1 MW of 
exportable heat in an average European power plant, not a waste treatment plant, 
assuming an thermal efficiency of 91%, i.e. 1.1 MW of steam needed for 1 MW 
exported heat.  
 
Due to this distinction between energy outputs, the heat-to-power ratio is an important 
metric relevant to exergy calculations. Table 7.1 presents the results for the ratios 
corresponding to the scales and technologies studied. 
 
 
 
 
 
                                                        
27 As mentioned in Chapter 6, this is a disadvantage to WtE technology, because it treats a lower-
calorific value fuel.  
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Net heat export 
Net electricity 
export H : P 
MBT+ATT50  40,910 55,000 0.74 
MBT+ATT100  92,024 121,289 0.76 
COM100 45,278 46,068 0.98 
COM200 90,556 105,497 0.86 
  
Table 7.1 Heat-to-power ratio for different scales 
  
In the cases where no or negligible amounts of auxiliary fuels are used and no additional 
energy sources are relied upon, the R1 formula can be expressed as shown in Equation 
7.2 (Reimann, 2004). 
 
    
  
        
  
                         
        
  
                        
    
 
 
Equation 7.2 
  
Where Eel exp is the exported electrical output to the grid after supplying the parasitic load, 
which for gasification includes the electricity used by the MBT pre-treatment step;  Eth exp  
is the exported thermal output to district heating;  ηnet el  is the total electrical efficiency 
(which implies dividing electrical and thermal export by the energy of caloric input in the 
feedstock (Ew)); and, likewise,  ηnet th  is the total thermal efficiency.   
 
Figure 7.1 shows resulting R1 values for the two scales of combustion and gasification 
technologies. Results show that both technologies at either scale achieve the required R1 
value for new plant to qualify as recovery (or waste-fired power plant). The 
configuration that meets the criterion by the smallest margin is COM100. Results also 
highlight the importance of gas turbine configurations for gasification, otherwise 
achieving the required value including the parasitic load of MBT (co-located or not) 
would be more challenging. That would mean subtracting the parasitic load of the MBT 
to a lower efficiency value similar to that of a combustion plant with steam turbine.  
 
 
 
 170 
 
 
Figure 7.1 R1 values for the investigated thermal treatments 
 
A critical determinant of the efficiency of systems partly (e.g. gasification plus combined 
cycle) or entirely driven by a steam turbine (e.g. combustion plants) is the steam 
configuration and energy output concept. Resulting heat-to-power ratios depend on 
steam temperature and pressure parameters and the chosen proportion of steam to be 
exported as process heat or to district heating. If significant process heat off-take is 
possible, it follows that less heat could be available for electricity generation. Depending 
on the chosen heat-to-power ratio, i.e. the breakdown of energy outputs, and the 
respective weighting factors, different scores can be achieved.   
 
Two prominent examples of design decisions targeting a specific heat-to-power ratio are 
the incineration plants in Amsterdam, the Netherlands, and Gothenburg, Sweden. The 
Amsterdam facility was designed to achieve the highest possible electrical efficiency (Van 
Berlo, 2007). The Gothenburg facility was designed to meet the considerable heat 
demand characteristic of the west of Sweden (Gohlke and Murer, 2009).  
 
7.2.2 The Dutch Incentive for Sustainable Energy 
Several member states have introduced their own policies to reward energy efficiency in 
parallel with the requirements of the WFD; notably, the Incentive for Sustainable Energy 
Generation or Stimulering van Duurzame Energieproductie (SDE) scheme from the 
Netherlands (Ministerie van Economische Zaken, Landbouw en Innovatie, 2003).  The 
SDE aims to incentivise combined heat and power generation based on a SDE-specific 
efficiency calculation in which heat is weighted with the factor of 2/3 compared to 
0.00 0.20 0.40 0.60 0.80 1.00 1.20
COM100
COM200
ATT50
ATT100
R1 value 
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electricity28 as shown in Equation 7.3.  The incentive payment has several levels and 
ranges from €1.7/MWh when the SDE value is 22% and reaches €18/MWh when SDE 
≥30%. 
 
     
         
 
          
  
 
 
Equation 7.3 
 
Figure 7.2 shows the results for the scales and technologies studied in this thesis under 
the SDE policy.  
 
 
Figure 7.2 SDE values for thermal treatments 
 
Applying the Dutch formula, all the configurations studied would achieve the maximum 
level of support. It is worth noting the stark contrast between the two technologies at 
the scale of 100 ktpa. Whilst ATT100 achieves the SDE value of 45%, COM100 
achieves 30.8%. Also the difference between the two scales of ATT indicates that a 
policy such as the SDE would highly reward a low heat-to-power ratio, i.e. a high 
proportion of electrical output per unit of waste at 100 ktpa, which reflects the priorities 
in the Amsterdam plant.     
 
                                                        
28 The Austrian Eco-electricity Law (Österreichisches Ökostromgesetz) formula to reward efficiency mirrors the 
Dutch SDE weighting of heat, whereby the minimum value for achieving support is 60% (Gohlke and 
Murer, 2009). 
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7.2.3 Exergy comparison 
An important disadvantage common to policy-based indices is the lack of specification 
of temperature or grade of the heat output. This kind of policy signal can bring about 
developments to produce large amounts of the grade of heat that is least difficult to 
produce, e.g. low grade heat for vegetable greenhouses (Reimann, 2004). Although such 
an outcome is not categorically bad, care should be taken to ensure that policy addresses 
the right national conditions. It becomes apparent that some of these indices would not 
particularly suit countries without a substantial heat demand. In southern Europe, for 
instance, decentralised agricultural applications are able to harness abundant ambient 
heat. For the UK, however, the main challenges seem to be related to district heating 
and similar distribution infrastructure rather than to weather conditions.  
 
To investigate the implicit relative valuation of the different kinds of energy through the 
weightings in the policy-based indices, the exergy efficiency was computed for all 
thermal configurations.  Equation 7.4 was used for the main calculation and Equation 
7.5 provided the exergy factor for the thermal output (Gohlke and Murer, 2009). 
  
                               
 
Equation 7.4 
 
Where ηexer is the exergy efficiency and  fexer  is the exergy factor for the thermal output 
efficiency. 
       
 
  
 
 
Equation 7.5 
 
Where  W  is the total energy leaving the system as useful work. 
 
Exergy efficiency results for the plants studied are displayed in Figure 7.3.  
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Figure 7.3 Exergy efficiency of thermal treatments 
 
The exergy results have a significant bearing on the investigation in this thesis of 
conditions that would enable deployment of alternative technology.   The difference in 
exergy efficiency is a compelling finding given the contrast across scales. For example, 
whilst ATT100 thermally processes half the tonnage as COM200 it achieves an exergy 
value 52% higher.  ATT50 processing a quarter of the tonnage of COM200 achieves an 
exergy value 23% higher.  This highlights the importance of the heat-to-power ratio and 
of the seemingly small difference in electrical efficiency. 
 
Comparing scales of the same technology illustrates that a doubling in scale of 
combustion only increases exergy efficiency by 12.18%; by contrast, doubling the scale 
of gasification increases exergy efficiency by 23.59%. An important implication is that 
according to the exergy calculation the low heat-to-power ratio of gasification 
configurations studied here undergoes significantly higher scale effects.  
 
To illustrate the relationship, or lack thereof, between the policy-based and 
thermodynamic indices, Figure 7.4 consolidates the results for comparison. Three 
relationships become apparent.  
i. The lower the heat-to-power ratio, the higher the exergy efficiency 
ii. The lower the heat-to-power ratio, the higher the policy-based index values, 
whereby R1 values seem to be expressed inherently as a higher index 
iii. Compared to the exergy calculations, which have the implicit efficiency limitations 
of the second law of thermodynamics, the R1 formula indices seems to overvalue 
heat, e.g. configurations with low heat-to-power ratios still achieved the higher R1 
values. 
0.0 0.1 0.2 0.3 0.4 0.5
Exergy Efficiency 
COM200 COM100 ATT100 ATT50
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iv. The SDE formula places more value on electricity and can penalise increased export 
of heat (Luteijn, 2009). 
 
 
 
Figure 7.4 Thermodynamic and policy-based indices 
 
A practical implication of these results is that, considering the complexity of planning 
and consent processes for thermal plant, it might be beneficial to have a low heat-to-
power ratio, which would reduce the difficulty finding large, suitable heat off-take.  
 
7.2.4 Appreciation of heat provision 
The extent to which heat is a less useful form of energy than electricity in future will 
depend on how difficult it is to use each kind of energy at the right location. Although it 
is less transportable and versatile than electricity, heat represents for the 5.5 million UK 
households in fuel poverty in 2009 (DECC, 2011e) an unmet basic necessity and a highly 
desirable energy form. Unfortunately, heat is routinely generated as a by-product but far 
from where it is most needed.   
 
Due to transport limitations heat has to be traded locally. It is conceivable that it could 
be valued more highly in future. That is why evaluation of benefits of heat-only 
applications should reflect local conditions. For example, carbon savings baselines 
should be selected carefully and expressed in physical terms, as monetised carbon 
savings tend to be linked to carbon markets dominated by the carbon intensity of 
electricity.29  Furthermore, if nuclear power were to supply a higher proportion of the 
energy mix, comparisons with grid average emission factors could render partially-
                                                        
29 It could be valid to monetise emissions if in future a heat-only carbon market existed.   
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renewable electricity (e.g. waste-derived) less highly valued. Conversely, renewable heat 
would still be highly desirable.   
 
Initiatives to map heat sinks and suitable estates for waste treatment facilities will be 
fundamental for the combined use of electricity and heat. The Advantage West Midlands 
Location Analysis Tool has set an example of how to do this (Advantage West midlands, 
2009); its model determines the suitability of locations by analysing 50 individual 
constraints, e.g. proximity to communities, distance to utilities and required 
infrastructure, proximity to areas of outstanding natural beauty, etc. Co-location of a 
Material Reclamation Facility (MRF) with MBT and ATT with heat off-take would 
require a high level of coordination beyond the local level. Regional Development 
Agencies used to be the right vehicle for that coordination, their removal poses a 
significant challenge to the delivery of joined-up infrastructure. 
 
It is important to avoid stating categorically that medium and large-scale plants should 
aim to lower their heat-to-power ratio.  Long-term considerations of macro-economic 
and societal circumstances should inform design. The approach used by Advantage West 
Midlands has provided a model for policy makers and planners. In fact, unless local 
authorities are supported in their ‘duty to cooperate’ under the localism bill, the market 
will most likely lead project developers to lower the heat-to-power ratio.   
 
7.2.5 Summary of exergy analysis 
Since the indices used here give different results and do not include considerations such 
as national energy mix, it would make little sense to generalise about their adequacy. 
Moreover, their scores do not represent an equivalent to greenhouse gas emission (e.g. 
coal plant can be very efficient) nor broader environmental metrics such as toxic 
emissions. Nonetheless, European researchers have established that measures aimed at 
increasing efficiency according to the political indices reviewed can have in most cases a 
positive impact on greenhouse gas reductions (Reimann, 2004; Gohlke and Murer, 
2009). 
 
It is possible to conclude that efforts to use heat and electricity efficiently are not 
mutually detrimental.   In fact, a carefully calibrated combination (e.g. heat-to-power 
ratio) tailored to local circumstances can be a helpful measure of efficiency.  There are 
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many basic dependencies such as weather, existing energy mix and energy demand 
profiles in addition to economic variables.30 Support measures for heat need to account 
for improvements in local conditions, e.g. increase of metered heat delivered compared 
to the baseline prior to the project. Particularly if heat becomes more expensive in 
future, incentives linked to project impact could ensure purposeful deployment.   
 
Given that policy-induced costs incurred by industry are passed through to customers, 
and that the openness of business to policy depends on the perceived risk of customer 
acceptance of that pass-through, deployment ultimately depends on how strongly society 
will support, or tolerate, renewable energy. A persistent challenge is low public 
acceptance of these technologies despite evaluation through the R1 criterion and several 
emissions standards, which show that WtE technologies are no worse than conventional 
fossil fuel fired power plant.  
 
7.3 Implications for material recovery and energy policy 
 
7.3.1 Resource efficiency  
It is argued here that, from a life-cycle perspective, WtE helps to amortise the 
externalities already caused by extraction, transformation and use of materials. Equally, it 
has not been recognised in the literature that this amortisation is relevant mainly at 
macro-economic level.  To account for the full economic and environmental benefits it 
is important to use system boundaries at waste management strategy level as opposed to 
individual plant level. Waste management companies with a regional overview, which 
other stakeholders cannot have, are best placed to consolidate the benefits; they are able 
to operate plants processing separate streams.  Facilitating the reprocessing of recovered 
streams, as illustrated in figures 7.5 and 7.6, is arguably one of the most important, albeit 
neglected, benefits.    
 
                                                        
30 At European level, for instance, achieving a R1 value of 0.6 or 0.65 is quite challenging for an 
average incinerator; which is exacerbated when climatic conditions do not allow extensive use of 
heat and when plants must compete with low-cost landfill, which coincide in southern Europe 
(Gohlke and Murer, 2009). 
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Figure 7.5 Resource efficiency comparison between composting and AD 
 
 
 
Figure 7.6 Resource efficiency comparison between landfill COM and ATT 
 
Whilst avoiding extraction, transport  and conversion externalities of fossil fuels, the 
benefit of ATT lies in offering the highest exergy efficiency as well as the aggregate 
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effects of material recycling such as metals (e.g. reprocessing vs. production of new 
aluminium) and of the parallel biological treatment chain.   
  
The use of broader system boundaries is important because it would facilitate data 
capture on material flow and related externalities. This would minimise the common 
reliance on carbon as a single proxy for all impacts. Better understanding of the utility 
obtained per unit of material would also enable better management of non-greenhouse 
gas related effects. It is suggested here that a scheme for material intensity labelling of 
goods could go further than carbon foot-printing in tracing of specific effects31 of each 
material stream such as urban air quality, habitat disruption, water stress or soil and 
aquifer damage (e.g. acidification and eutrophication). 
 
7.3.2 Accounting for avoided costs 
As a multi-purpose technology, waste-to-energy plants consolidate the costs that would 
accrue separately in waste management or energy generating facilities. This thesis 
emphasises the structural market failure, which ignores that fact. This sub-section 
discusses the principle of accounting for avoided costs and some relevant approaches. 
The objective is to inform the debate on allocation of simultaneous benefits. Specific 
policy instrument design would be a significant research project beyond the scope of this 
thesis, which can be regarded, as a next step to achieve appropriate valuation of relative 
levels of performance across technologies. 
 
Justification and scope 
Reiterating the asymmetries mentioned in the first two chapters, current budgeting and 
practices pose disadvantages to waste-to-energy plant. Macroeconomic and energy-
system-wide benefits are either roughly estimated or neglected altogether, e.g. energy 
security and self-sufficiency. In the context of the up-coming localism focus in UK 
policy the choice of technology might depend heavily on a strictly commercial 
assessment at a reduced local scale. Equally important are the neglected energy portfolio 
benefits that apply only to a limited extent to conventional technologies (see section 7.5).   
 
                                                        
31 Some types of environmental stress might be exacerbated in future in regions with increasingly 
affluent large populations. The ability to manage environmental impact as it relates to specific 
materials could lead to refinement of existing producer responsibility and other international 
regulations on chemical and material use. This would be a step on the path to making materials 
more recyclable and to reducing the need for residual waste treatment.   
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Identifying the savings to be incentivised 
An early attempt to support waste-derived energy accounting for avoided costs was the 
1978 Public Utilities Regulatory Act (PURPA) in the USA. It was an obligation for 
utilities to buy electrical output from small generators. It was justified by, and priced 
according to, the buyer's (the utility) avoided-cost rather than the seller's (small power 
producer) average cost (White and Zack, 1989).  Other factors that justified support 
were the impending scarcity of landfill in densely populated regions; the significant 
renewable portion of waste-derived energy; the price volatility of fossil fuels; the capacity 
bottlenecks in some regions; the growth of regional energy demand; and the fact that no 
other renewable alternative to fossil fuels offered a dual energy-environmental benefit 
nor had a negative feedstock cost (White and Zack, 1989). The use of MSW as a 
negative-cost, ubiquitous fuel was seen as enabling deployment of more distributed and 
smaller scale energy generation. 
 
It was noted during the research that resilience and stability measures of the energy 
system have not been included in the justification for supporting waste-derived energy in 
the UK or elsewhere. Some system benefits that have been recognised internationally by 
policy before were reported by White and Zack (1989) and some have been identified by 
the author. They strengthen the argument for continuing WtE support and include: 
For generators 
 Reduction of overall entropy in energy provision  
 Fossil fuel displacement 
 Ensuring fair income for generators facing single-customer (e.g. a major utility) 
conditions for their energy outputs.  
For utilities, clients or off-takers 
 Planning control over the steady dispatch and planned maintenance  
 Predictability of energy output profile  
 Predictability of feedstock cost 
 
Essentially, the more viable the technology is for operators (e.g. through higher energy 
income), the more competitive the gate fees they will offer to Local Authorities. These 
savings to Local Authorities are part of the effect of support, which can flow back into 
society and reduce pressure on public budgets. 
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Shortcomings of previous international policies include (White and Zack, 1989): 
 Being tied to utilities’s own avoided costs, i.e. mostly fossil fuel prices 
 Wide variation according to utilities’ own energy mixes 
 Variation in the savings-reflective rate that utilities would be able to pay to 
generators and in the capacity credit of viable generators 
 Could be regarded as a mandate to buy output generated at any level of efficiency 
 As for rates payable to all distributed generators indexed to the price of the 
predominant or the marginal fuel, any increases in, for instance, gas prices created a 
double pressure on final consumer bills from increased costs to the utility and to the 
distributed generators themselves (either WtE plant using gas as auxiliary or other 
distributed generators using it as main fuel).  
 
‘Vintaging’ of support rates was proposed to respond to volatility (Bernow et al., 1990). 
This implied constant reviewing of the rates to ensure that least-cost integrated planning 
and often disregarded other utility costs such as early plant withdrawal. Indexing 
distributed generator rates to nation-wide fuel cost averages was then introduced to 
decouple them from individual utility decisions (e.g. installing scrubbers vs. sourcing 
higher quality coal). Such indexing indirectly and inevitably relied on the value of energy 
supplied by distributed generators, which was influenced by the support, creating a 
circular effect.  Distributed generators’ rates were indexed to their own costs to break 
that circularity and to shelter small generators from fuel price volatility and to allow 
dispatchable generation to be used according to the cost merit order. 
 
Capacity shortages, inadequate management of spot electricity price risk and spikes in 
prices of pollutant emission permits and natural gas presented difficulties delivering 
reliable rates in the USA in the 1990s (Baskette et al., 2006). Demand-side management 
(DSM) and energy efficiency (EE) measures32 were proposed to help mitigate the 
problem by reducing the need for generation, reducing the cost of balancing capacity 
shortages (expressed as mark-up above marginal cost) and reducing overall demand. All 
these impacts of displaced generation are also important elements of waste-to-energy 
output.  An incentive refinement under deregulated markets was to shift calculation of 
                                                        
32 A main difference between waste-to-energy and DSM/EE is that time dependence is more 
important for the latter. For instance a programme targeting efficiency of peak-time air 
conditioning in the summer leads to different savings from a programme targeting street lighting, 
which saves off-peak generation. Waste-derived energy is generated at all times in steady, 
predictable amounts. 
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avoided costs to forward market price forecasts for electricity or gas using as main 
indicator the long-run marginal cost of generation33 (Baskette et al., 2006).  A 
consolidated explanation of some societal benefits of avoiding conventional generation 
costs using WtE is provided in Table 7.2.  
 
                                                        
33 The California Energy Council proposed to base this on a dollar per MWh cost of owning and operating 
a CCGT plant including return on investment, fuel and O&M costs (Baskette et al., 2006).  
 
Cost type Elements Remarks 
Avoided generation  
Incremental cost of 
supply, including 
additional capacity, 
fuel or both 
Capacity credits vary depending on 
length of contract as well as near- and 
long-term load forecasts. Their 
calculation is controversial and the 
rules are subject to change (Anderson, 
2006).  
Ancillary services 
(AS)§ 
Regulation up, 
regulation down, 
spinning reserve, 
non-spinning 
operating reserve 
and replacement 
reserves. 
Reduction of AS costs improves the 
overall reliability benefit.* Estimated 
as a percentage (~2.84%) of avoided 
generation cost because they are 
normally small, stable and the link to 
hourly avoided costs yields a time 
profile-following estimate. (Baskette 
et al., 2006). 
Avoided  
environmental 
compliance 
Based on prices for  
tradable emission 
permits (formerly 
based on marginal 
abatement cost 
estimates) 
Different from quantifying avoided 
environmental damage cost. The 
disadvantage is the assumption of 
adequate reflection of environmental 
impacts on  prices of permits. In 
reality, market prices only reflect the 
willingness of those who are required 
to form the market to pay for 
complying with an exogenously 
defined allowance (e.g. but out prices 
or penalties). 
Price elasticity of 
fossil fuel demand 
reduction 
Reduction in 
demand of fossil-
fuelled generation 
and the ensuing 
reduction in price 
pressure in the spot 
market 
The weight of fossil fuel price 
elements in the spot market can be 
substantial in capacity bottle neck 
situations. Savings by reducing fossil 
fuel demand can be substantial as well 
(Baskette et al., 2006). 
Transmission and 
distribution 
T&D investments, 
transmission losses 
and maintenance 
costs. 
For variable operation technologies 
such as intermittent renewables, MSD 
and EE it is appropriate to calculate 
savings on a location and time-specific 
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§ Defined by the California Independent System Operator (CAISO) to secure network reliability. 
* See section 7.5.3 
Table 7.2 Conventional generation costs avoided by using WtE technology 
Sources: Baskette et al., 2006; Castillo-Castillo et al., 2009 
 
 
Determining the value of the savings 
Understanding the possible savings is the first step towards putting a value to them. To 
provide context, savings achieved through conventional generation displacement using 
time-related DSM and EE measures are shown in Figure 7.7. As can be expected, most 
avoided costs shown have discrete time profiles and avoided costs of ancillary services 
vary significantly by the hour.  
 
 
 
Figure 7.7 Time-related avoided cost breakdown  
Source: Baskette et al., 2006 
 
Applicability to WtE 
In contrast to DSM and EE, it is postulated in this thesis that the predictable and steady 
output of WtE plants can replace both base load and marginal generation; therefore, it 
does not rely heavily on time-related components. The implication for policy is that, 
basis. For WtE, it is appropriate to use 
an average figure, as it is not subject 
to variable operation at either peak or 
off-peak times.  
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with the right data, it should be possible to account for a large component of the savings 
due to WtE in a predictable way.34 
 
Implications and recommendations 
By reviewing previous attempts among support policies it is concluded that time-
variable, forward-market-based tariffs appear suitable for time-variable savings from 
measures such as EE and DSM or micro-CHP. However, instruments similar to feed-in 
tariffs rewarding additional system-wide benefits seem more suitable for the predictable 
and steady output of WtE. Including within them an element of escalating reward for 
efficiency (Section 7.2.2), calculated considering best practice in heat and electricity (for 
example through EU Best Available Technology documents), could address problems 
encountered by several instruments so far. To ensure that a disincentive to heat 
provision is not created, the escalating reward should reflect a slightly higher value of 
heat than, for instance, the Dutch SDE incentive. It is emphasised here that WtE avoids 
all the costs previously identified in international policy and also creates wider benefits, 
which are yet to be explicitly supported.  The double purpose of providing energy as well 
as environmental and health protection sets WtE apart from all other energy generating 
technologies, which automatically enhances the insurance effect in terms of portfolio 
(price and reliability) risk distribution (see section 7.5).  The purpose of this subsection is 
to recommend the principle of applying avoided cost calculations suited to the double-
purpose character of WtE entailing the following criteria: 
1. There should be a floor cost for avoided environmental emissions including non-
greenhouse gas emissions. Market failures in valuing externalities of conventional 
generation must be accounted for.  
2. Concurrent emission reductions both against a waste-management baseline and an 
energy generation baseline should be acknowledged.  
3. Temporal and geographical differentiation of avoided electricity generation costs is 
not necessary. Unlike micro-CHP, intermittent renewables or DSM/EE, it is not 
critical for WtE to find out exactly what kind of generation was displaced35. Because 
of the predictable, highly secure and steady output, calculations of normalised 
avoided costs are appropriate for WtE. They are also a pre-condition for the 
                                                        
34 Specific predictions represent a considerable data requirement about the British electricity 
system, which is outside the scope of this thesis.  
35 For example, it is reported elsewhere that depending on the dominant fuel displaced at a 
particular time of day, avoided generation costs can vary between $200/MWh for peak and 
$50/MWh for off-peak periods (Baskette et al., 2006).  
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investment confidence required in early commercialisation stages. Linking avoided 
cost-related incentives to geographical variations (e.g. substantial fuel differences by 
region) would send a confused signal, and force investment to concentrate within a 
few areas. Also, exergy considerations determine the viability of WtE plants and the 
location near a heat sink should be judged on individual project feasibility merits. 
Investment confidence given by a predictable, normalised avoided cost would give 
the flexibility to site medium and small scale plants in more locations where they are 
most needed to deal with waste. 
 
7.4 Implications of climate-change-led energy and waste policy 
In this sub-section, the implication of taking carbon emissions as a proxy for desirable 
performance is explored.36  The viability of waste-to-energy technology is tested 
assuming that the main policy incentive is a high price of carbon or a carbon tax. 
 
For some countries, e.g. Sweden, carbon intensity is perceived to include the burdens 
that energy and waste policy seek to reduce (Dahlman, 2011). Examples linked to carbon 
intensity include the burden of imported fossil fuels with the associated price volatility 
and supply security risks. Equally, national commitments to reduce greenhouse gas 
emissions through efficiency measures and use of renewable energy are also related to 
carbon intensity. In addition, the extraction, transformation and use of resources has a 
bearing on carbon emission levels. 
 
7.4.1 Sensitivity to carbon price under high landfill tax and low support 
The following assumptions were made to investigate the impact of changes in carbon 
valuation. 
Main assumptions: 
 Landfill tax of £100/tonne  
 Carbon price between £20 and £150/tCO2e 
 No specific support for energy sales is available 
 Apart from the above modifications this analysis used base-case conditions of the 
technologies as studied in Chapters 3, 4 and 5.  
Steps: 
                                                        
36  Either implicitly or explicitly assuming that by association other measures of performance 
would also improve, e.g. urban air quality and waste recycling rates.   
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i) Computed the carbon intensity per MWh linked to electrical output with a co-
product credit from emissions displaced by heat exported  
ii) Set the reference emissions against which to calculate a saving or an increase 
iii) Computed the difference between WtE emissions per unit of output and those of 
the reference system.  
a. One value for ATT was calculated assuming no distinction between biogenic 
and anthropogenic emissions; another value assumed biogenic emissions 
would count as neutral and only anthropogenic emissions were affected by 
carbon prices.  
b. One value for AD was calculated disregarding the fact that all its throughput 
is biogenic and all emissions were considered as anthropogenic. Another 
value acknowledged all emissions as biogenic and thus neutral. In the latter 
case the heat-related co-product generated a meaningful carbon benefit. 
iv) Assumed ‘full trading’ of the difference in emissions assigning one average yearly 
price at a time for the full trade, i.e. all the surplus or deficit traded at £20, £40, £60, 
£80, £100, £120 or £150 per tonne of carbon dioxide. 
 
Thermal treatments 
Electricity from thermal treatments tends to have higher gross carbon intensity than the 
average of the energy mix. That is because, in addition to producing energy, the purpose 
of thermal treatments is to treat feedstock with lower calorific value than the fuels used 
in conventional power plants. The valuation of that difference in emissions is depicted in 
Figure 7.8 for COM200 and MBT200+ATT100. Note how accounting only for the 
anthropogenic emissions slightly improves the NPV whilst ignoring the biogenic 
content, and taking all emissions as if they were anthropogenic, significantly worsens the 
NPV. 
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Figure 7.8 Influence of carbon price on large thermal treatments 
 
Figure 7.9 shows the same effect for the medium and small scales of COM100 and 
MBT100+ATT50 
 
 
 
Figure 7.9 Influence of carbon price on smaller thermal treatments 
 
Considering biogenic emissions as neutral is the most important parameter. Without 
differentiating between biogenic and anthropogenic emissions, the carbon intensity of 
waste-derived electricity is higher than that of the energy mix. In that case, increasing 
carbon prices would worsen the NPV of waste-to-energy technologies at both scales 
reaching highly extremely negative values.  By contrast, taking biogenic emissions as 
neutral and comparing carbon intensity based only on the anthropogenic fraction would 
reverse the trend but with a much subtler slope. For the larger scales all NPV values are 
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positive: with landfill tax at £100/tonne and a carbon price of £80/tonneCO2 both 
technologies would have extremely attractive NPVs. At the smaller scales, however, 
ATT would require a very high carbon price of at least £150/tonneCO2 to reach a 
positive NPV. The rate of improvement is slightly higher for ATT due to its lower 
carbon intensity. In short, without acknowledging biogenic emissions as neutral, thermal 
treatments would be highly unprofitable and undesirable under these policy conditions. 
 
Predicting carbon prices in relation to electricity is inherently difficult, particularly if 
nuclear and renewable sources achieve higher penetration levels in the medium term. 
For example, compared to the carbon prices used by DECC (2011d), the values 
explored here appear high.  At levels below the high estimate for 2030 by DECC 
(2011d), i.e. £74.2/tCO2e, small-scale ATT would require other means of support. Such 
support would need to be justified by its high exergy efficiency or by its ability to pursue 
more than one societal objective in a single project (see other sections of this chapter).  
 
The implication for policy makers is that without energy output incentives, small scale 
ATT would be practically ruled out. This would also be an example of the market failure 
created by neglecting non-carbon benefits, which is the motivation for several sections 
in this chapter.    
 
Anaerobic digestion 
All carbon emissions of anaerobic digestion qualify as neutral, given the biogenic origin 
of its feedstock. Figure 7.10 shows the results for anaerobic digestion at the optimal 
scale indicated in Chapter 5. 
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Figure 7.10 Influence of carbon price on anaerobic digestion 
 
Figure 7.10 reveals that acknowledging biogenic emissions as neutral is also important 
for AD, otherwise the carbon intensity of its electrical output would be higher than the 
energy mix average.  Counting emissions as biogenic and adding a heat co-product 
enables AD to benefit significantly from increasing carbon prices. With landfill tax at 
£100/tonne and a carbon price of £80/tonneCO2 AD would achieve very attractive 
NPVs. Overall, AD benefits more from the high landfill tax and high carbon prices than 
ATT. 
 
Other implications and outlook 
The reference value for the calculation of the heat co-product remains a subject of 
debate. In these examples it was assumed that the displaced reference system was a 
domestic gas boiler, but future analysis would be needed to study the effect of displacing 
(high or low-carbon) electricity-based heating systems or the effects of a gradually 
increasing number of district heating systems. It was more important to show the 
direction and dimension of the sensitivities rather than point estimates. 
Continuing to recognise the biogenic nature of all (for AD) or a significant part of the 
feedstock (for ATT) is fundamental to the viability of waste-to-energy technology. The 
trends presented here can reasonably be considered to hold across various designs.  
Uncertain developments that could improve viability and reduce carbon intensity are: 
 The actual market effect on all technologies of a higher landfill tax or a landfill ban 
 Improvements in SRF production 
 
An uncertain development that could worsen the viability and carbon intensity of 
thermal treatments in the medium to long term is better product design and producer 
responsibility regulations. That is because more useful material would not be disposed of 
in the first place and the qualities of residual waste for thermal treatment could be 
worsened, e.g. plastic recycling would increase.   
 
7.5 Proposing a Multi-benefit framework to address market 
pressures  
This research has exposed the limitations to deployment created by bounded rationality 
amongst stakeholders.  The themes that require better understanding and are addressed 
in this section include: 
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 Several stakeholder categories fail to acknowledge the dimension of the potential 
contribution of waste to renewable energy targets 
 The potential contribution to energy security and system stability is largely ignored  
 Greenhouse gas savings from extracting the maximum utility of discarded materials, 
i.e. the double purpose of waste treatment and energy generation is neglected  
 The synergy between separation of recyclable material and energy recovery from 
residual fractions is underestimated  
 The benefits of diversity in energy generation and in material recovery are largely 
ignored.  
 
In a similar way to the previous chapter, each themes is illustrated, where applicable, 
with academic literature background, own calculations, insights from stakeholder 
engagement or a combination of all these.    
 
 
7.5.1 Characteristics of a multi-benefit framework  
The conventional cost-benefit analysis perspective 
Resource efficiency, energy security and health protection are national interests with 
public character. Hence, appreciating the benefits of waste-to-energy technology raised 
in this thesis requires a broader basis for evaluation and a shift from single-technology, 
commercial selection to a more integrated assessment.  Public interests justify the need 
for extending the cost-benefit-analysis (CBA) perspective. Energy investment analysts 
(Pearce, 1979; Simpson and Walker, 1987) have long signalled the shortcomings of CBA 
in terms of reducing all the components of a project to an economic dimension, 
oversimplifying the treatment of uncertainty and neglecting intergenerational impacts.  
 
Examples of situations where monetary values may lead to inappropriate decisions are 
epidemiological effects, trans-boundary environmental impacts, thermal pollution from 
nuclear plants reducing oxygen carrying capacity of waterways and valuing human life 
across generations (Pearce, 1976; Pearce 1979).  Other researchers have also suggested 
that evaluation of public programmes with complex objectives should account for that 
complexity including physical and biological dimensions of ecological stability (Maass, 
1966; Pearce 1976). 
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In the view of the author, translating all impacts or benefits to monetary values requires 
a subjective judgement or method applied by the analyst, which may differ from the 
judgement of the public or of government officials. Moreover, “economists may not be 
best qualified to evaluate non-economic variables” (Simpson and Walker, 1987). It is 
argued here that the academic field that tries to assign monetary values to all (tangible or 
intangible) costs and benefits, through methods such as contingent valuation and 
hedonic pricing, relies on the judgement of individuals even less scientifically qualified 
on the value of, e.g., ecosystem services: average members of the public.37 Also, markets 
are designed to find lowest-cost options, they are not designed to find positive 
externalities. Therefore, it is suggested here to monetise costs and benefits that are 
monetisable by competent professionals (as opposed to non-specialists) and expand the 
evaluation for other non-monetisable costs and benefits in a different way.   
 
Particular features of WtE technology 
 Risk mitigation.   If one accepts that the risk of an investment is commonly measured 
by the variability of its outcome, then opportunities arise for waste-derived energy 
from a portfolio perspective. According to Awerbuch and Yang (2007), in a national 
portfolio the covariance of the development of one asset with that of the rest of the 
portfolio influences the overall riskiness of the portfolio. As they explain, if the 
covariance values are positively correlated, overall risk would increase; if they are 
negatively correlated, investment in the asset would act as an insurance that 
minimises overall portfolio risk. Note that relating the portfolio perspective to fuel 
prices, the trajectory of the negative cost of waste, is not correlated with fossil fuel 
prices. This contrasts the naturally strong correlations amongst fossil fuel prices. 
Given this diversifying, risk-reducing effect, it is worth emphasising the question of 
how to include this contribution in an investment appraisal through incentives. In 
other words, how can CBA be expanded to reflect this dimension.  
 
 Intergenerational effects.   The simplifying character of CBA has resulted in the common 
practice of altering the discount rate to reflect that a higher return is expected from 
riskier projects. Nevertheless, the author and other researchers believe it is improper 
                                                        
37 The term ecosystem services in itself is an anthropocentric concept that, although it has the 
benefit of allowing their explicit consideration in routine policy choices rather than leaving them 
out or implicitly undervalued (Mace, 2009), might be a first step. However this is still fraught 
with unqualified judgements and the premise that lay people know what is good for ecosystem 
resilience over time horizons beyond generations. 
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to mix questions of risk with questions of time preference.  Simpson and Walker 
(1987) have shown how discount rates used in projects with long duration can 
compromise intergenerational equity. For example, a discount rate of 15% for a 20 
year project lifetime results in a discount factor of 0.06 for the last year. 
Consequently, benefits and externalities of the last years are virtually ignored. 
Therefore, a positive discount rate exacerbates intergenerational bias, undermines 
the principle of equal opportunity and it follows that the higher the discount rate the 
greater the potential 'injustice' effects.  The implication for technology that displaces 
fossil or nuclear generation is that almost any discount rates would undervalue the 
opportunity to avoid long-term greenhouse gas or nuclear waste management 
impacts.  
 
 Alternatives.  The private nature of project development and service provision needs 
to be studied within the context of wider objectives.  As part of the solution to the 
focus on monetary values, cost-effectiveness ratios could simply count the physical 
units of emission avoided, fuel consumed, etc., divided by the costs. The 
disadvantage is that, although they are expressed as a ratio, they still focus on the 
economic dimension.  It is suggested here to adapt the proposal of Simpson and 
Walker (1987) to the assessment of WtE to include, in addition to economic 
measures, the environmental, technological and risk dimensions.  A multi-
dimensional analysis separates out the more important subjective judgments and 
forces the decision maker to rank them explicitly. Two advantages are that important 
subjective and technical parameters are decoupled and that subjective judgments, 
such as the weighting of the different dimensions, are open to scrutiny. 
Transparency ensures that responsibility for the final choices rests with the decision 
maker, not the analyst.  
o The economic dimension should continue to use financial measures such as 
NPV, macroeconomic effects and consideration of uncertainty through 
sensitivity analysis of, for instance, fuel prices. 
o The environmental dimension should account for long-term ecological impacts, 
which could be captured in an Environmental Impact Assessment. The 
Leopold matrix (Leopold et al., 1971) still represents a good example of how 
to register systematically the externalities that might affect ecological 
functions along with an indication of their magnitude and relative 
importance. Whilst the recorded magnitudes of impacts would allow 
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accountability for final decisions the relative importance still introduces 
human error through the analyst and the decision maker. 
o The technology dimension should have two components. First, the technology 
contribution potential in terms of end-use metrics, performance and 
availability. For WtE these can include homes powered, system availability or 
landfill diversion. Second, quality of supply, for which official data are 
needed for appropriate evaluation. For WtE this can include stability of 
electrical output and the ability to coordinate maintenance at convenient 
times.  
o The investment risk dimension should categorise risks as either related to the 
whole investment or to one variable in a project. For WtE it is recommended 
to address single-variable risks within the forms discussed in this section, e.g. 
capacity factor and diversity effects.  
 
The following subsections explain one by one the elements that collectively build and 
justify the use of a multi-benefit framework.  
 
7.5.2 Energy security   
Energy security consists of two distinct aspects (Awerbuch and Yang, 2007); this sub-
section concentrates on the first and the following sub-section on the second: 
i.  The concern about continued supply. This is a geopolitically-induced risk of abrupt 
(fuel) supply interruption 
ii.  The concern about stability and resilience of the supply, i.e. a technically-induced risk 
of abrupt rise of costs of reliable electricity provision  
 
Energy security started becoming critical since the late 1970s through a realisation that 
oil price increases were a clear sign of fundamental restructuring of global markets and 
an  awareness of the costs, delays and environmental hazards of nuclear plants (White 
and Zack, 1989). The UK becoming a net energy importer, recent oil price increases, and 
further geopolitical trends mentioned briefly in earlier chapters have raised the 
importance of energy alternatives (DTI, 2007).   
 
It is suggested here that to evaluate this aspect of WtE, one requires three data elements. 
First, the current importance of fossil fuels in energy provision. Second, knowledge of 
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the trend of reliance on those fuels. And third, the latent ability to displace those fuels 
with waste-derived energy.   
 
Importance of fossil fuels 
Figure 1.1 in Chapter 1 showed that in 2009 45% of electricity was produced from gas. 
In the same year 68.8% of heat was produced from gas, as shown in Figure 7.11. This 
implies that although heat is considered less versatile than electricity in exergy terms, it 
may be a far more sensitive energy service in energy security terms, as approximately a 
third of gas used was imported in 2009 (DECC, 2010b). 
 
 
 
Figure 7.11 Breakdown of heat generation by fuel 
Source: DECC, 2011b 
 
Heat provision represents 47% of energy consumption (DECC, 2011b).  Note that only 
1.5% of heat came from renewables and that the percentages of electricity and heat 
supplied from renewables are far below the target set by the European Renewables 
Directive, i.e. 15% of energy needs produced from renewables in the UK by 2020 
(European Parliament and Council of the European Union, 2009). The delicate 
dependence on gas for heat provision might be exacerbated by socio-economic 
pressures that lead to fuel poverty, which are, however, outside of the scope of this 
thesis.  
 
Future reliance on fossil fuels 
A projection of the energy mix is needed to build a depiction of future reliance on fossil 
fuels. Figure 7.12 shows that the share of gas in electricity generation is projected to 
remain stable until 2020 but then increase, probably favoured over coal with CCS and 
nuclear power. This trend represents increasing security risks as UK reliance on foreign 
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sources rises. Other researchers have commented that reliance on natural gas is not as 
severe a risk as commonly thought and that diversity of sources and supply routes 
should actually increase over the coming years (Watson and Scott, 2008). Although 
diversity of sources will hardly counteract global depletion and may increase the 
transport burden, detailed analysis of these geopolitical and logistical aspects is beyond 
the scope of this thesis. 
 
 
 
Figure 7.12 Electricity generation projection by fuel 
Source: DECC, 2010b 
 
The latent ability to displace conventional generation with waste-derived output can be 
estimated starting with the government’s own projections for total energy generation and 
the breakdown of renewable energy by source in Department of Energy and Climate 
Change (2010b and 2010c).  
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Figure 7.13 Breakdown of renewable energy generation by source 
Source: adapted from DECC, 2010b 
 
As illustrated in Figure 7.13 waste feedstocks including animal biomass, incineration, 
sewage gas and landfill gas contribute up to 41.3% of UK renewable generation, which is 
seldom acknowledged. It is worth noting that the non-renewable portion of incineration 
output (32%) is also an additional contribution to total energy security, system stability 
and system resilience outside the scope of this figure. 
 
Independent studies have estimated that WtE could contribute 17% of UK electricity 
requirements in 2020 (Oakdene Hollins, 2005; REA, 2007). Defra (2010) estimated the 
required treatment capacity to meet the commitments of the landfill directive accounting 
for diversion of residual biodegradable MSW and of residual MSW-like biodegradable 
C&I waste. The contribution of AD in these documents is unclear or not addressed 
directly. 
 
Following is an estimation of the potential contribution of WtE to total electricity supply 
and to the committed renewable energy target for 2020. The estimates are for illustrative 
purposes within the broader argument of the contribution to energy security as part of 
the multi-benefit evaluation framework. Table 7.3 presents the underlying assumptions 
for 2020 in a transparent format and explicit explanations to enable updating when more 
data are available on the trajectory of arisings and recycling performance. 
 
MSW arisings C&I arisings: 
MSW-like and 
Total MSW + 
C&I 
Residual: after 
60% recycling 
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rest 
25,600,000 40,100,000 65,700,000 39,420,000 
Table 7.3 Tonnage assumptions for energetic contribution calculation 
 
 MSW arisings were taken from Defra’s (2010) central estimate which is conservative 
compared with other estimates such as the 51.1 million tonnes in Oakdene Hollins 
(2005).  
 C&I arisings were taken from Oakdene Hollins (2005), as it is the only estimate that 
included MSW-like arisings and any other C&I waste suitable for thermal treatment. 
The estimate was adjusted applying a 42.5% reduction to the projection of 94.2 
million tonnes due to the economic downturn. This is similar but less pessimistic 
than the 50% reduction to the projection from Oakdene Hollins in Defra (2010).  
 Recycling achievement in 2020 was set as 60% adapted from Defra (2010) 
considering that it suggests 50% for MSW and 60% for C&I, therefore making this 
common estimate part of a conservative set of assumptions in terms of residual 
waste availability. 
 The biogenic fraction of MSW is assumed to be 68% as in Defra (2010) 
 The project success rate after planning and commissioning was assumed to be 70% 
as planning guidance and general acceptance of the technology are expected to 
improve. 
 The projection of anaerobic digestion installed capacity of 1750MW was taken from 
the central estimate in AEA Technology (2010) 
 The utilisation factor for anaerobic digestion plant was assumed to be 85% 
 Project success rate after planning and commissioning for anaerobic digestion was 
assumed to be 90% 
 
 Single 
plant 
annual 
output 
Number 
of plants 
required 
Theoretical 
post-
recycling 
potential 
Technical 
post-
commissioning 
potential 
Technical 
potential 
(renewable 
content)  
MBT200 + 
ATT100 
0.121 
TWh 
197 29.88 TWh 20.92 TWh 14.22 TWh 
Percentage of 
UK total 
electricity 
- - 7.97 % 5.58 % - 
Percentage of 
2020 
renewables 
- - - - 25.29 %  
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commitment 
(15%) 
Table 7.4 Estimated 2020 contribution from residual waste through ATT 
 
 
 
 Output: 
actual up-
time 
Output: post-
commissioning 
Proportion 
of UK 
electricity 
Proportion 
of renewable  
electricity 
Output from 
anaerobic 
digestion 
13.03 TWh 11.73 TWh 3.13 20.85 
Table 7.5  Estimated 2020 contribution from anaerobic digestion 
 
The objective of this sub-section was to demonstrate that even under highly 
conservative assumptions, including a major downward revision of projected arisings, 
WtE technology can realistically contribute at least 8.71% of the 375TWh of UK 
electricity requirements by 2020 (DECC, 2010b) and 46.13% of the UK renewable 
electricity commitments in 2020 of 56.25TWh (DECC, 2010b). 
 
An estimation with different scenarios on local and technical constraints and their 
probabilities represents a significant research effort beyond the scope of this thesis.38 
These calculations are intended to provide an illustration to build the case for one aspect 
of the multi-benefit framework. 
 
7.5.3 Energy system stability and capacity credit 
Background 
The main arguments against renewable energy in the UK have targeted the sources with 
comparatively high penetration or high profile, i.e. wind and solar photovoltaics. Such 
arguments, often based on misunderstandings (Gross et al., 2006), usually refer to 
intermittency and the potential need for back up capacity. 
 
Different characteristics of WtE 
Significant work is devoted to analysing the impacts of high penetration of intermittent 
renewables. The UKERC report on the costs and impacts of intermittency by Gross et 
al. (2006) was a landmark assessment of the issue. The effort expended in clarifying the 
                                                        
38 Future work by the author contemplates data gathering to support the assumptions for the 
development of overall arisings, composition and residual arisings as well as technology 
deployment levels.   
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effects and reiterating the benefits of intermittent renewables implies that there should 
be value in understanding how the usual concerns do not apply to WtE plant. Analysis in 
previous chapters showed that operational characteristics and abundance of feedstock 
enable WtE to contribute system reliability, displace fossil fuel-based generation and 
potentially avoid the need for additional fossil-fuelled capacity (either base load or 
reserve).  Full quantification of the main parameters of reliability is beyond the 
objectives of this thesis.39  Therefore, some of them are outlined below briefly and 
qualitatively.   
 
The elements of system stability 
Loss of load probability (LOLP) is the probability that system-wide demand for electricity 
will exceed available generating capacity (Anderson, 2006).  It is determined statistically 
using demand and supply profiles and system margins and forms part of other 
parameters. It has the disadvantage that it only allows a simplified comparison of the 
reliability of prospective generation systems without giving information on the 
frequency, duration and severity of potential shortages (Gross et al., 2006). 
Capacity factor  is a measure of actual output as a portion of the installed capacity due to, 
e.g., planned and unplanned outages for conventional generators or variations in the 
intensity of the wind or of diurnal insolation. The capacity factor of intermittent 
generators is typically lower than that of conventional generators. However, it can be 
argued that the capacity factor does not tell much about reliability during peak demand 
times (Gross et al., 2006).  
Capacity credit is the ability to maintain LOLP where introduction of an additional 
generator results in the displacement of a certain amount of conventional generation 
(Hawkes, 2009). It is a metric of the reliability of the contribution made by an additional 
generator relative to existing generators. It follows that the capacity credit is not meant 
to capture other aspects of adequacy of investment in new capacity, e.g. in terms of the 
ability to meet environmental objectives. The need for a broader view including more 
indicators was also raised by Anderson (2006) emphasising that, similar to LOLP, the 
capacity credit metric does not capture the frequency, severity or length of outages, 
which are important parts of a holistic picture of electricity system reliability.  
 
                                                        
39 This represents a substantial research project in its own right. It would require full energy 
system data on available technologies and their penetration and availability levels. Nevertheless, 
it can be a sensible recommendation for further research.  
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A synoptic explanation of the elements of reliability of waste-derived energy that would 
directly impact LOLP and the capacity credit is presented in Table 7.6 
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 Feedstock supply stage Reactor stage Conversion stage 
ATT 
Two measures guarantee 
that operation of the 
reactor is as free of 
fluctuations as possible: 
(i) SRF is procured through 
a mix of spot and 
contracted purchases 
(ii) SFR buffer storage must 
be available on site due 
to the high cost of 
feedstock supply 
interruption 
Capacity factor of 
85% (although 
higher values are 
achievable, e.g. in 
Japan) 
Two measures ensure that 
energy despatch is as 
reliable as possible: 
(i) Syngas buffer storage is 
needed to ensure 
compliance with power 
purchase agreements 
(ii) Availability of auxiliary 
fuel is a pre-condition 
to help start-up 
procedures and to even 
out unscheduled syngas 
fluctuations (Higman & 
Van der Burgt, 2003) 
AD 
One measure safeguards 
smooth operation of the 
reactor: 
(i) Modest buffer storage 
of feedstock must be 
available due to the 
requirement of 
maintaining bacterial 
reactions as stabile as 
possible and to the high 
cost of feedstock supply 
interruption. 
Capacity factor of 
85% (although 
higher values are 
achievable) 
Two measures ensure 
reliability of energy 
despatch : 
(i) Biogas buffer storage is 
needed to ensure 
compliance with power 
purchase agreements 
(Helm, 2007) 
(ii) Availability of auxiliary 
fuel is a pre-condition 
to help start-up 
procedures and to 
smooth out 
unscheduled biogas 
fluctuations 
 
Table 7.6 Elements of system reliability in waste-to-energy technology 
 
All measures designed to safeguard stable operation enable WtE plant to be at least as 
reliable as any fossil-fuelled plant. In fact, logistical differences would work in favour of 
WtE: feedstock is not becoming scarcer in the short or medium term; feedstock is not 
imported (from politically sensitive countries); feedstock has a negative cost; 100% of 
feedstock carbon for AD and about 65% for ATT is biogenic; the anthropogenic 
fraction of ATT feedstock carbon displaces new fossil fuel extraction, in fact it amortises 
up-stream externalities by prolonging the life cycle of goods already in the 
technosphere.40 
                                                        
40 Detailed study of this complex effect is beyond the scope of this thesis. It implies research into 
highly heterogeneous elements, e.g. political risk and negotiation costs; ecological impact of 
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Reliability of WtE 
According to Gross et al. (2006), as penetration of intermittent generation increases, 
adjustments to the output of fossil fuel plant are needed more frequently to cope with 
fluctuations in output. Operation below maximum output and extra system balancing 
reserves become necessary. For example, at wind energy penetration levels above 20%, 
energy may be produced that the system cannot use and then needs to be ‘spilled.’ 41  On 
that basis, a thorough appraisal of the system value of waste-derived energy must 
consider two points with respect to reliability. First, the high capacity factor and other 
traits conducive to a high capacity credit of waste-derived generation obviate the need 
for substantial balancing reserves or adjustments in operation of conventional plant at 
any level of penetration. Second, WtE is unlikely to achieve penetration levels higher 
than 20% anyway.  
 
7.5.4 Diversity and resilience 
Background 
Diversity and resilience arise from relationships at the meso and macro-economic levels. 
Improving understanding of these relationships is a pre-condition to value their benefits 
at the individual project level. For example, in ecology, the process of structuring the 
concept of biodiversity led to the differentiation between α-diversity and β-diversity as 
two of its (several) main components (Begon et al., 1996).  Other disciplines such as 
palaeontology have developed sophisticated frameworks to study diversity and, as 
proposed by Stirling (2008), the study of energy diversity could benefit from building on 
those approaches.  
 
Significance of diversity 
At least part of the energy diversity features of WtE and the undesirable effects they 
could avert are presented in Table 7.7. 
 
  
                                                                                                                                                              
extraction, refining and transport of fossil fuels; and environmental impacts of final use of fossil 
fuels.   
41 Gross et al. (2006) also emphasise that these effects are outweighed by the savings in fuel and 
emissions achievable with intermittent renewables at the levels of penetration included in their 
analysis. 
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WtE diversity features Negative effects minimised 
More varied supply-side 
technology mixes 
Possible dominant designs as well as 
technical and cultural lock-in. 
More varied fuels or feedstocks Overreliance on few fuels 
Additional conversion technology 
types & longevities 
Propensity for technical lock-in 
More even distribution of market 
share and negotiating power 
Propensity for monopolies in supply or 
monopsonies in off-take (e.g. heat) 
 
Table 7.7 Effects of WtE energy diversity features 
 
Investors evaluating portfolios, as opposed to individual technical options, aim to 
achieve the lowest possible risk at the lowest possible combined cost. This perspective 
can help to appreciate the advantages of diversity. In this context, risk is understood as 
the year-to-year variation of portfolio returns explained by Awerbuch and Yang (2007), 
which in cases of high dependency on few fuels corresponds to variations in cost of 
those few fuels. In that sense, the risk of a portfolio with several different fuels decreases 
to the extent that fuel costs are as uncorrelated as possible.  In fact, as Awerbuch et al. 
(2006) argued, “adding a fuelless, fixed-cost, riskless technology to a risky generating mix 
lowers the expected portfolio cost at any level of risk, even if this technology costs 
more.” 
 
Effects of diversity 
Using a simplified two-technology portfolio for illustration, Awerbuch and Yang (2007) 
showed the effect of diversity specifically on the economic dimensions of cost and risk 
as presented in Figure 7.14. Technology A in the figure could be any high-cost, low-risk 
technology such as solar photovoltaics.  A lower-cost, higher-risk technology, e.g. 
combined cycle gas turbine, could be technology B and the correlation between their 
cost streams can be surmised to be zero for simplification. The combination in portfolio 
V exemplifies the purpose of diversification.  It achieves the lowest possible risk because 
it has the lowest variance. The solid section of the curve represents the ‘efficient 
frontier’, as any combination above it would have higher cost, higher risk or both. It 
becomes evident that 100% of technology A would be unattractive because of its high 
undiversified risk at a high cost; 100% technology B would be unattractive because 
despite having the lowest cost it displays the highest undiversified risk; portfolio K would 
have the advantage of achieving the same level of risk as deploying only technology A 
but at just over 60% of the equivalent cost and would thus always be the preferred 
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option between these two. Arguably, portfolio K can also be preferred over 100% 
technology B as it achieves 25% lower risk at a cost increase of approximately 10%.    
 
 
Figure 7.14 Diversity effect in a two-technology portfolio 
Source: Awerbuch and Yang (2007) 
 
The portfolio perspective combined with the diversity focus as studied by Jansen et al. 
(2006) extends the analysis of section 7.4 on the effect of carbon prices at the individual 
project level. Jansen et al. (2006) showed that, all else being equal, as carbon prices for 
the energy mix of the Netherlands increase, the shape of the efficient frontier would 
flatten and shift upwards as illustrated in Figure 7.15. The upper curve reveals that cost 
would only increase steeply at higher penetrations of low-carbon, low-risk, high-cost 
renewable energy but with a negligible impact on risk. Carbon prices of €0/MWh,  
€25/MWh and €55/MWh generated three distinct curves.   
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Figure 7.15 The combined impacts of carbon price and diversity 
Source: Jansen et al., 2006 
 
In addition to these examples, other elements more strictly related to trade and 
geopolitical forces can affect diversity of energy provision. Although they are not 
analysed in detail in this work, the main properties of diversity and their system-wide 
effects are briefly discussed below. It should be emphasised that analysis of the whole 
breadth of indices and variants of diversity is beyond the scope of this thesis; it would 
require a discrete research plan, which is beyond the scope of this thesis. Diversity is 
only one aspect in the framework for multi-benefit appraisal of system benefits from 
waste-to-energy contributions.42  
 
Properties of diversity 
Security of supply is about more than diversity, but what is less recognised is that 
diversity is also about more than security of supply (Stirling, 1998). Notably because 
both security and broader sustainability objectives are addressed by diversifying away 
from increasingly scarce and expensive sources, that affect environmental resilience to 
the detriment of future generations.  Diversity concepts employed across disciplines 
contain a combination of three properties: variety, balance and disparity, which are all 
                                                        
42 Comparative treatment of diversity indices presupposes significant data handling as well as 
stakeholder perspectives and narratives from which to build scenarios. Moreover, apart from 
numerous indices for each one of the properties of diversity there are also indices that address a 
particular relationship of properties such as variety-weighted balance, variety-weighted disparity 
and balance-weighted disparity. See Stirling (2007 and 2008) for further details on a selection of 
diversity indices.   
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necessary but individually insufficient properties of diversity (Stirling, 1994). It is 
postulated here that WtE technologies contribute significantly to all three properties. 
Furthermore, the increasing energy import trend (Section 7.5.2) implies that diversity will 
gain significance over the period to 2020. 
 
 
Figure 7.16 The properties of diversity 
Source: Adapted from Stirling (1998) 
 
Stirling (2008) explains the three properties as they relate to electricity supply portfolios:  
 Variety: Refers to the number of options available in a system. It is generally accepted 
that “all else being equal, the greater the variety of distinct types of energy options, 
the greater the system diversity.”43    
 Balance: Refers to how evenly spread the apportionment across options throughout 
the system is. It follows that a system is likely to have higher energy security to the 
extent that it does not rely too heavily on too few options.   
 Disparity: Refers to how different energy options are from each other. It is “the most 
fundamental, and yet most frequently neglected, aspect of energy diversity” (Stirling, 
2008). In fact, disparity between options helps to determine the categories of 
options. It could be argued that measures of balance and variety are based on such 
categories.    
 
                                                        
43 It was only in 2001 that the IEA increased the number of option categories from six to eleven 
from which point the option ‘combustion renewables and waste’ was also accounted for (Stirling, 
2008) 
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Clearly, descriptions of variety including overly broad categories such as ‘renewable 
energy’ or ‘combustion renewables and waste’ undermine the disparity and, hence, the 
diversity contained in the hidden sub-categories.  
 
Disparity,  the least studied property of diversity, is associated with trade-offs, which 
require some value judgements. Trade-offs arise from the variety of stakeholder 
interests. Selection of options depends on priorities. Therefore, it is necessary to find 
weighting mechanisms to rank priorities from a system-wide perspective (Stirling, 2008). 
Whether the priority is economic efficiency, sustainability or supply security, there will 
likely be a different degree of desirable diversity.     
 
Some variety-balance indices, which neglect disparity and prioritise economic efficiency, 
have used covariance of fuel price risk as a proxy for technical and environmental 
dimensions in portfolio analysis.  Given the difference between decision support for 
firms and the increasingly longer-term horizons and multi-stakeholder interests used by 
government in energy policy, the usefulness of the price covariance approach to 
encompass all non-economic trade-offs has also been questioned by its proponents  
(Awerbuch et al., 2006).  That approach perpetuates the systematic undervaluation of 
diversity and security benefits of distributed, renewable energy options. It also follows 
that if sustainability were the priority, the desirability of diversity and disparity would be 
higher. 
 
Bernow et al. (1990) demonstrated the advantage of WtE plants being immune to price 
differences between the fuel-mix-indexed tariff paid to them, the price of their own fuel 
and the price of the dominant fuel in the mix. By contrast, price developments at a 
different pace between the latter two could generate windfall profits or system-related 
losses for small, independent plants.   
 
The value of this diversity analysis resides more in enabling transparent decisions than in 
the ability to prescribe configurations. Analysis in this thesis contends that waste-derived 
energy contributes substantially to the three properties as shown in the summary Table 
7.8. To argue for the specific role of waste-derived energy, it is worth illustrating how it 
could increase the benefits of diversity. 
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Diversity property Contribution of waste-derived energy 
AD ATT 
Variety: number of kinds 
of option there are 
WtE increases the number of kinds of options and 
enables energy use close to feedstock sources 
Balance: how even is the 
reliance on each option 
Due to its small and 
medium scale and its 
moderate output in 
aggregate, AD contributes 
to reducing reliance on 
dominant options 
ATT reduces reliance on 
fossil fuels and is not in 
danger of causing major 
inflexibility 
Disparity: how different 
options are from each 
other 
WtE comprises different sizes, locations and 
technologies using different fuels at negative cost that 
offer a double environmental and energy service 
Table 7.8 Contribution of WtE to the properties of diversity 
Note: reliability, predictability and stability are dealt with in separate sections. 
 
 
7.5.5 Summary of the multi-benefit framework 
This thesis argues for the inclusion of wider energy system benefits of waste-to-energy in 
technology evaluations. This subsection summarises the aspects that have been discussed 
throughout the thesis, particularly Chapters 6 and 7. The contribution of WtE to these 
benefits has been compared qualitatively44 to that of other energy technologies. The 
technology that best fulfils each benefit (or associated parameter) became the reference 
value (+++), compared to which other technologies were scored. 
 
The framework proposes the concept of extending conventional cost-benefit 
calculations. It is not intended as a rigid formula. The list of parameters is not 
exhaustive. Parameters can be added or refined. Future work by the author will consider 
the possibility of working with a subset of these parameters to quantify groups of 
aspects that might become more applicable to commercial interests under changing 
policy scenarios.  Summary Table 7.9 shows the WtE benefits that should be included in 
an extended basis for analysis: 
i. Low price volatility. Volatility of fuel prices undermines the profitability of several 
conventional generation technologies. It also increases the uncertainty of planning 
                                                        
44 Qualitative comparison was suited to this comparison given that several of the parameters 
respond to a yes/no question, e.g. highly correlated with price of fossil fuels; having a much 
lower emission factor than grid average; delivering an additional positive externality, etc. 
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cash flows. WtE usually works with stable gate fees. Changes in feedstock price are 
normally highly predictable. Financial planning and profitability are enhanced. 
ii. Low β (beta). The variability of returns of an asset with respect to average market 
returns is measured through the β coefficient (Chapter 5). Because β also 
encapsulates the non-diversifiable risk and volatility of an asset, a low value 
represents a measure of ‘insurance’ against volatility and risk amongst the assets in 
the rest of a portfolio and in the market. WtE normally operates with steady 
feedstock and output flows, waste is an inherent by-product of society. Hence, WtE 
outputs are considered to have lower risks than technologies with volatile feedstock 
price. 
iii. Capacity credit. The ability to displace generation from existing plant without 
compromising acceptable levels of loss of load probability and without the need to 
back-up reserves results in a positive capacity credit. WtE plant would not be built if 
access to feedstock could not be guaranteed to maintain a utilisation factor of 
approximately 85%. The steady, predictable output contrasts that of intermittent 
sources which tend to have a lower capacity factor. 
iv. High exergy efficiency. In addition to high conversion efficiency, a low heat-to-power 
ratio increases the exergy efficiency of combined heat and power plant. ATT offers 
the possibility of high energy recovery with a lower heat-to-power ratio than 
conventional waste combustion plant. 
v. Supply security. In contrast to increasingly scarce imported fuels, waste is certain to 
continue to arise at least for the lifetime of one generation of plant commissioned in 
the next four years. 
vi. Additional positive externality. No conventional energy generation technology provides 
an additional service simultaneously. Conventional waste treatment technology 
either generates no energy or achieves low efficiencies. Alternative WtE technology 
fulfils a double purpose with high recovery rates. 
vii. Abatement spread. The difference between the carbon intensity per unit of energy 
output of a particular technology and the energy mix average is termed, for the 
purposes of this thesis, abatement spread. WtE fulfils two purposes simultaneously 
using heterogeneous feedstock. ATT feedstock usually has a lower calorific value 
than fossil fuels dedicated to energy generation. Unless biogenic emissions are 
considered neutral ATT can have much higher carbon intensity per unit of energy 
output than conventional technology. The entirely biogenic feedstock of AD, 
however, can offer a compelling abatement spread.  
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viii. Indirect land-use change. Dedicated biomass for energy schemes usually must justify the 
use of land and certify that they are not causing damage to ecosystem resilience also 
through indirect impacts of displacing previous or alternative activities. WtE does 
not require extensive use of land for feedstock, which makes this concern irrelevant 
for WtE plant. 
 
 Low 
price 
volati-
lity 
Low 
β 
Capacity 
credit 
Exergy 
Supply 
security  
Positive 
externality 
Abate-
ment 
spread 
C/kWh 
ILUC 
WtE AD  +++ ++ +++ +++ +++ +++ +++ +++ 
WtE ATT +++ ++ +++ +++ +++ +++ + +++ 
Coal  + + N/A - + -  - - 
Gas - - N/A ++ - - + + 
Nuclear + + +++ ++ + -  +++* + 
Dedctd 
biomass 
++ ++ +++ ++ + - ++ ++ 
Intermit-
tent  RES  
+++ ++ ++ 
N/A 
+++ - +++ ++ 
Table 7.9 Initial components of a multi-benefit framework 
*Note: Abatement spread refers here only to GHG emissions. Nuclear power has very low emissions 
compared to average but generates a different externality through its spent fuel, radio-active waste. This is 
an example of the benefit of building a broader basis for comparison. 
 
 
7.6 Summary of implications for policy 
 
This chapter has integrated analysis of characteristics of WtE technology that would 
justify policy adaptations to account for the system-wide, in addition to project-specific, 
benefits. It made some recommendations to extend the basis for analysis in order to 
improve the evaluation of support.  
 
Exergy analysis 
The exergy analysis studied the relationship between the policy-based formulae, the heat-
to-power ratio and the exergy formula. It found that the lower the h:p the higher the R1 
value. In fact R1 increases more steeply than exergy. The consequence is that it is easier 
to reach ‘recovery’ status for plants that have substantial heat off-take, but significantly 
more difficult for locations where heat export might not be as practical. The R1 formula 
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mainly certifies the ‘recovery’ status, whereas the incentive system is decided by Member 
States. The analysis found that policies using escalating rewards linked to efficiency can 
be a good incentive to deploy the higher efficiency technology rather than just ‘qualifying 
for double ROCs’ by installing gasification with steam turbines.   A technical design 
implication of a low heat-to-power ratio is that it raises the exergy efficiency but also 
potentially eases the difficulty of finding a large, suitable heat off-take load.   
 
Energy policy regarding avoided costs 
 Unlike the instruments needed for technologies that provide time-dependent 
benefits, it seems more suitable to the characteristics of WtE to provide incentives 
similar to feed-in tariffs implicitly rewarding additional system-wide benefits. Two 
important features are: first, to include an element of escalating reward for efficiency, 
reflecting a slightly higher value for heat than, for example, in the Dutch SDE 
incentive; second, scheduled review periods, which of course, involve an 
administrative burden that targeted support necessitates. It is acknowledged here that 
this recommendation might only have academic value, as a revision of the double-
ROC incentive would only introduce uncertainty in the market.  
 WtE has the potential to avoid all the costs previously identified in international 
policy through avoided need for generation capacity, reduced ancillary services, 
reduced fossil fuel influence on energy prices. Through its double purpose, it also 
creates wider benefits that no other energy technology generates and that have yet to 
be explicitly supported such as notably material recovery.  
 Because of its steady and predictable output, the benefits of WtE do not rely heavily 
on time-dependent components, as in the case of DSM or EE measures. Therefore 
the avoided costs or other benefits that would underpin calculation of an incentive 
are more stable and potentially tractable.  
 The work in this chapter contended that non-specialist analysts and the general 
public are not qualified to assess the implications for wider impacts such as 
ecosystem resilience, overall energy system efficiency or intergenerational impacts. 
Also a basic criticism of valuation methods that use people’s willingness to pay as a 
proxy for value is that, by definition, people with different incomes will show 
different willingness to pay for anything they are asked to value. 
 
Climate policy 
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Analysis in this chapter helped investigate the effects of removing energy support, 
retaining only a high landfill tax and relying on a future high price of carbon to 
incentivise WtE. It was a way of exploring how high would the price of carbon need to 
be, if carbon savings were the only basis for support in addition to high landfill tax of 
£100/tonne. The implication of the results for policy makers is that without energy 
output incentives, small scale gasification would be practically ruled out. Unless carbon 
prices reached levels of £150/tonneCO2 or higher, small scale gasification would not be 
viable. By contrast, due to its completely biogenic feedstock, anaerobic digestion would 
benefit greatly from a policy including landfill tax of £100 and prices of carbon as low as 
£40/tonneCO2.  
 
Energy Security 
The analysis of the characteristics of WtE technology that contribute to energy security 
showed that WtE fulfils two requirements. WtE contributes to the element of security 
concerned with continued supply through the characteristics of its feedstock. WtE 
contributes to the concern about stability and resilience of supply through the 
characteristics of its output.  
 The main characteristics of WtE feedstock are that it is not imported, it has a 
negative cost and it is a certain by-product of economic activity. In fact, government 
statistics show that waste feedstocks including animal biomass, incineration, sewage 
gas and landfill gas contribute up to 41.3% of UK renewable generation, which is 
seldom acknowledged. The research demonstrated that under conservative 
assumptions, WtE technology can realistically contribute at least 8.71% of all UK 
electricity and 46.13% of renewable electricity commitments in 2020. 
 Work in this chapter used a framework provided in the energy literature to show that 
WtE feedstock, configurations and output contribute to the three properties of 
diversity: variety, balance and disparity; and has the potential to contribute to 
resilience. WtE increases the number of kinds of energy generation options; 
increases the potential for small and medium-scale decentralised generation, thereby 
improving balance; and offers different technologies, sizes and feedstock 
combinations that definitely increase disparity in the energy system. 
 
Multi-benefit framework  
A template for a multi-benefit framework was proposed that shows the clear benefits of 
WtE compared to other energy generation technologies. It includes the main points 
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addressed above in this summary subsection. Tabular presentation of the qualitative 
scores for each one of the benefits demonstrates that WtE consistently contributes more 
directly to societal, macro-economic benefits than other generation types.  
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8. Conclusions and recommendations   
 
This chapter presents a summary of insights gained throughout the research. It links 
the starting phase concerned with relevant policy and current state of technology 
development; the second phase that analysed the needs, constraints and opportunities 
among stakeholders; and the third phase which proposed an extended basis for 
analysis to account for the benefits of waste-to-energy technology. The chapter begins 
with the overall conclusions from the work. It then reviews the contributions of the 
thesis and ends with recommendations for technology proponents, policy makers and 
suggestions for further work. 
 
8.1 Conclusions and key messages 
Before providing detailed conclusions about research questions, it is worth 
highlighting the most salient insights from each major part of the thesis. From the 
technology assessment there are two features of anaerobic digestion that can provide 
useful guidance to technology practitioners and policy makers. First, by combining 
bioenergy logistics assessment techniques and plant-internal performance analysis and 
scale-up techniques, it was possible to generate total marginal costal curves that refer 
to scale. The novelty resides in consolidating techniques traditionally used by different 
types of stakeholders. It was found that under average national conditions such as 
average density of food waste arisings, the economically optimal scale is very likely to 
be 32,000 tonnes of throughput per annum (32 ktpa). Considering upper and lower 
extremes within plausible ranges of variation in cost it was ascertained that it is unlikely 
that all changes would occur simultaneously to render an optimal plant either smaller 
than 26 ktpa or larger than 37 ktpa.  Considering exclusively sub-urban conditions the 
optimum capacity would be likely to be 19 ktpa and unlikely to be smaller than 17 ktpa 
or larger than 23 ktpa. Considering exclusively urban conditions the optimum capacity 
would be likely to be 40 ktpa and unlikely to be smaller than 31 ktpa or larger than 42 
ktpa. It must be noted that there is a large number of dependencies related to the 
economic performance of a plant from demographic changes to changes in vehicle 
efficiency or fuel prices.  
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Second, being a multi-purpose technology (see Chapter 7), anaerobic digestion benefits 
from policy support for its energy outputs. Under the policy scenario 1 with single 
renewable obligation certificates (ROCs) for electricity and without the ability to sell 
heat, all scales studied achieved an IRR lower than the commercial discount rate used 
in this study.  For policy scenario 2 including double renewable obligation certificates 
and excluding heat, the optimum and the smaller scales achieve an IRR lower than the 
commercial discount rate used in this study.  Under a scenario with double ROCs and 
ability to sell heat, only the smaller scale achieved an IRR lower than the commercial 
discount rate used.  With the addition of a heat incentive of 2.5/kWh, all scales achieve 
an IRR comfortably higher than the commercial discount rate.  
 
For gasification technology, the main insight is that future work should focus on 
catalysts and fuel quality, as they are the key to overcoming the remaining barriers to 
advantages over incineration in fossil fuel displacement, energy system resilience and 
resource efficiency. 
 
From the stakeholder engagement emerged that deployment of plant required to meet 
statutory targets has become more complicated for the local government actors 
responsible for their delivery. A significant proportion of new build will have to be 
financed by merchant plant operators, but they will require clarity of policy and 
attractiveness, which is still in its initial stages through ROCs. Nevertheless, care must 
be taken to incentivise efficiency rather than technology type to avoid perverse 
outcomes such as combustion of syngas in steam cycles with efficiency similar to that 
of incineration.  
 
8.2 Detailed thematic conclusions 
With respect to the first research question about the promises and limitations of WtE 
technology Chapter 3 critically reviewed two thermal treatments, combustion and 
gasification, as well as one biological treatment, anaerobic digestion.   
 
 Combustion. Because combustion benefits from scale economies, it is likely to 
continue facing old challenges, e.g. public opposition, also related to scale. Apart 
from higher pollution control requirements and increased surface area, planning 
risks increase disproportionately with scale.  Its main advantage is its status as 
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proven technology and the correspondingly lower technology risk. This enables it 
to compete at slightly lower efficiencies (resulting from corrosion constraints on 
the steam parameters) than gasification; although consistent evidence of 
gasification at high efficiency has yet to become established and ‘proven’ in the 
UK.  
 Gasification. The two main technical aspects to address are reactor stability and safe 
use of gas in combined-cycle gas turbines. The first (a logistical rather than 
technical challenge), can be addressed through feedstock control, to prevent 
noxious chemicals from entering the reactor as poor-quality SRF. The second has 
to do with the unproven integration of appropriate gas cleaning systems to enable 
use of syngas in the CCGT without corrosion. Given the propitious policy 
support, the availability of alternative gas-cleaning reactants and the fact that this 
had not been the main priority in the ‘first generation’ of plants abroad, this 
limitation can conceivably be overcome in the near term. 
 Anaerobic digestion. Implementation challenges include location concerns such as the 
availability of off-take for material outputs and heat or the need to avoid areas with  
possible nutrient saturation in soil, which would limit digestate off-take.  The 
pursuit of higher gas yield via the increase in organic loading rate, can potentially 
increase the residual methane potential of effluent. Feedstock monitoring is an 
important requirement to safeguard bacterial stability but also to prevent corrosion 
in CHP units, e.g. through excessive sulphur (as in preservative agents) in food 
waste. Important advantages are the biogenic origin of its feedstock, which results 
in lower gas cleaning requirements than for thermal treatment and in avoiding the 
need for sampling methods to ascertain renewable content of its energy outputs.  
 
As for the question regarding the conditions that would enable WtE to be widely 
deployed, Chapters 4 and 5 studied the techno-economic performance that would 
make them eligible for support. One purpose of Chapter 4 was to compare gasification 
as the novel, higher-efficiency technology with incineration or combustion as the 
established technology. Chapter 5 focused on the performance of anaerobic digestion 
in its own merit.  
Thermal treatments 
 Combustion-only scenarios diverted 12% more tonnage from landfill than MBT 
plus gasification scenarios. This is because all incinerator bottom ash was assumed 
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to become aggregate, whilst 7% of input into MBT was assumed to become reject 
to be sent to landfill;  and to the greater amount of APC residue generated in 
gasification.  
 Gasification-only scenarios generated up to 88% more electricity over a year, 
which highlights the consequence of the difference in efficiency of the reactor and 
energy conversion steps. 
 Gaseous carbon emissions intensity per tonne of waste processed were 13% higher 
in the MBT plus gasification scenario, which results from having a pre-treatment 
step and from SRF being a carbon-richer fuel (after metal, dirt and glass 
separation) than MSW. This does not account for carbon savings from the 
materials recovered through MBT, shows the importance of assessing effects using 
broader system boundaries. 
 Which technology achieves lower overall GHG emissions accounting for displaced 
energy generation will depend on the energy mix displaced, whereby the higher the 
carbon intensity of the mix, the better the performance of gasification. This 
highlights the importance of broadening the analysis beyond carbon emissions in a 
low-carbon electricity future. There may be interest in displacing imported low-
carbon fuels or nuclear power.      
 Different concerns have become prominent at different times in policy. Thermal 
treatment choices will depend on how priorities evolve in the near term and on 
much more nuanced decision-making processes. For example,   carbon intensity of 
electricity, higher material recovery, higher displacement of fossil fuels, carbon 
intensity per tonne treated or energy security can determine the choice of what to 
build.  
Biological treatment 
 The combined logistics and techno-economic analysis was applied to UK 
demographic characteristics and properties of local green waste and food waste to 
study support requirement to achieve commercial viability in the UK energy policy 
context. One main insight was that none of the scales studied was commercially 
viable without the ability to sell heat, even with double ROCs for electrical output. 
In fact, even adding heat sales and a heat incentive, only the optimal and the larger 
scale became attractive. (with a heat price of 2p/kWh a heat incentive of 
2.5p/kWh was required. 
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 The fact that without support none of the scales would be commercially attractive 
emphasises the need for continued political engagement to value the simultaneous 
systemic benefits of anaerobic digestion such as: landfill diversion, renewable 
energy, low impact fertiliser and opportunities to apply industrial ecology 
principles.    
 If international experience with higher landfill tax or landfill bans were applied to 
the UK to the point that gate fees increased by 50%, the need for support would 
be significantly reduced, as some scales would at least have a positive NPV. 
 An implication for planning and for policy making is that, if support remained 
within the ranges modelled, scales that would be optimal from a logistical cost 
perspective may not be the commercially optimal scale, which is larger. This 
should not be a problem because the sale of renewable energy outputs and the 
support they may justifiably attract can outweigh the additional transport costs 
associated with larger catchment areas. Although, if AD plants are co-located with 
other technologies owned by waste management companies, the transport costs 
might be reduced and the overall assessment altered substantially.  
 
The stakeholder engagement process, presented in Chapter 6, was designed to 
investigate the question regarding market barriers or pressures that still need to be 
overcome to deploy alternative WtE technology. In that process also opportunities 
were identified.  
 
As a starting point, it became clear that WtE requires substantial support. The research 
confirmed that in order to make the services and products of a historically public 
service marketable, it must be kept in mind that: 
 WtE technologies serve several purposes simultaneously and can hardly compete 
on cost per kWh with technologies that use high calorific value fuels and only 
produce energy. 
 the waste management sector has already used the main policy tools available 
 the remaining commodity available to use market instruments is energy. 
 WtE is likely to need, also in the medium term, policy support to make its energy 
competitive. 
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Barriers 
 Technology risk. Gasification seemed more affected by this category of risk than 
anaerobic digestion. In addition to technical challenges outlined above, the lack of 
track record of gasification in the UK is an important barrier to obtaining finance. 
This has led to the emergence of compromise configurations using steam turbines, 
which most likely do not provide the environmental benefits of using CCGT. This 
trend may provide validation of the reactor itself. The remaining ‘unproven’ 
element would be the gas cleaning step to allow integration with CCGT, which is 
not considered an insurmountable challenge if the right incentives are in place, e.g. 
an efficiency-linked reward. The danger of this trend, however, is that, in a first 
wave of deployment, it might ‘use-up’ significant opportunities in the market (e.g. 
sites with good heat off-take) and create a degree of technical lock-in.   
 Planning risk Lack of understanding and public opposition remain the main barrier 
to project implementation. Thermal treatments are also more affected by this 
category of risk. The level of the local authority waste management and energy 
managers is where most political pressures converge. They must deliver national 
targets with budgets which have been set by their superiors; at the same time they 
respond directly to the community.  Some of their reported efforts have been 
undermined by the administrative and ideological boundaries in government. One 
of the main findings was that benefits that are not sufficiently valued currently can 
only be appreciated in a cumulative way by using more inclusive valuation methods 
and a regional resource use focus. However, the emphasis on localism is likely to 
complicate that appreciation.     
 Policy risks. Changes in international energy and climate change policy, combined 
with a change of government in the UK have led to substantial policy adjustment. 
This does not only affect decisions of investors but of all stakeholders. Industry 
members stated that in the attempt to create certainty there is temporary 
uncertainty. The effect can be to favour choices of conventional technology or to 
defer choices altogether.  
 
Opportunities 
 Industrial companies and other new stakeholders are beginning to create projects, 
some times as main investors. For example, supermarkets are engaging in 
anaerobic digestion projects to recover some of the sunk cost in out of date food 
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and similar biodegradable waste. They are considering promising investing options, 
such as special purpose vehicles, that can minimise the risk and facilitate project 
development. Similarly, chemical companies are already participating in projects 
with gasification technology, as they are interested in the energy and the synthesis 
gas. 
 Technology proponents have already started forming partnerships with established 
WMCs or industrial companies as a means of improving their credibility and 
overcoming the difficulties in obtaining finance.  
 The redefinition of MSW to include MSW-like C&I waste presents new 
opportunities through economies of scale and also through flexibility in treatment 
of combined sub-streams.  
 
Industry requirements for gasification 
The comparison of thermal treatments consisted of current performance and 
predicted technical capabilities in the short term. Influential stakeholders interested in 
gasification were able to outline, collectively, the requirements that would help them 
decide to build high-efficiency gasification plants. If the following characteristics were 
successful in demonstration, the most important concerns would have been addressed; 
 Electrical capacity between 5 and 20 MW, preferably at least 8 MW 
 Able to treat the waste of a town of between 50,000 and 60,000 inhabitants 
 Efficiency of 25% including pre-treatment 
 Availability of 80% 
 Stable gas-cleaning operation for at least one and a half years  
 
Using the knowledge generated in previous parts of thesis, the analysis of benefits of 
WtE technology that are normally not included in evaluations of technology was 
conducted in Chapter 7. It helped address the research question about defining the 
right framework for assessment of technology and support. By structuring the 
beneficial characteristics of WtE in categories, the chapter broadened the basis for 
analysis to justify appropriate support. 
 
Implications for climate change-led policy 
The thesis explored how high would the price of carbon need to be, if carbon savings 
were the only basis for support in addition to a high landfill tax. The results showed 
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that without energy output incentives, viability of small scale gasification would be 
ruled out unless carbon prices reached levels of £150/tonneCO2 or higher. At least for 
the case of thermal treatments, this would also be an example of the market failure 
created by neglecting non-carbon benefits. Anaerobic digestion, by contrast, and due 
to its completely biogenic feedstock, would benefit greatly from a policy including 
landfill tax of £100 and prices of carbon as low as £40/tonneCO2. This implies that if 
such a policy route were taken, differentiation between biological and thermal 
treatments would be required. 
 
Implications of exergy analysis for policy formation 
The exergy analysis studied the relationship between the policy-based formulae, the 
heat-to-power ratio and the exergy formula. The Waste Framework Directive specifies 
the R1 formula, which mainly certifies the ‘recovery’ status of a thermal waste-to-
energy plant, whereas the incentive system is decided by Member States. The analysis 
found that policies using escalating rewards linked to efficiency, similar to schemes in 
other Member States, can be a more suitable incentive to deploy higher efficiency 
technology than a category of technology that ‘qualifies for double ROCs.’ The current 
UK policy incentivises the installation of gasification with steam turbines, instead of 
CGGT. This could have the benefit of validation of gasification reactors using UK 
waste feedstock and it could have the danger of creating technological lock-in.  
 
Acknowledging the contribution of WtE to energy security and stability 
The characteristics of its feedstock make WtE highly compatible with the priorities of 
energy security. Feedstock is nationally-sourced, has negative cost and will continue to 
be an abundant by-product of economic activity. Because of its stable output, WtE 
technology is less likely to displace the quick-response, costly, marginal sources and 
more likely to become part of the technology mix providing base load. 
 This research used conservative assumptions to calculate (without multiple 
deployment scenarios and analysis of their probabilities) the indicative, potential 
contribution from WtE technology.  Based on the deliberately conservative 
assumptions, it can reasonably be expected that WtE could contribute at least 
8.71% of all UK electricity and 46.13% of renewable electricity commitments in 
2020. 
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The elements of a multi-benefit framework 
This thesis was motivated by the slow and uncoordinated appreciation of the 
contribution of waste-derived energy to several macro-economic benefits and policy 
objectives. The elements of a framework to provide an extended basis for comparison 
across technologies, macro-economic analysis and justification of support.   Trends 
such as rising cost of carbon, resource scarcity and rising energy prices will likely 
become more pressing already in the medium term. That would mean that when it is 
time to replace waste treatment plants being currently built, technology that uses 
national feedstocks, and generates predictable, non-intermittent, renewable energy will 
be highly desirable.   
 
This work analysed implications for policy by identifying the elements that need to be 
included in the justification for policy support. They are explained in more detail in 
Section 7.5.5; the main categories of benefits include: reduced price volatility; positive 
capacity margin; high exergy efficiency; high security of supply; positive externalities 
through double purpose; negligible or no implications for land use change. 
 
8.3 Contributions of the thesis  
This thesis integrates elements of work on techno-economic analysis of anaerobic 
digestion and of thermal treatments with a focus on viability of novel technologies. It 
includes policy review and study of energy system impacts of waste-to-energy 
technology. It incorporates work that originated in the EPSRC-Sustainable Urban 
Environments: Waste Consortium; and elements of work included in three peer-
reviewed publications and three conference presentations. In order to answer the 
research questions, it made the following contributions with original analysis: 
 It incorporates a spreadsheet tool developed to compare (i) emissions, (ii) 
efficiency and (iii) economic viability that responds to UK feedstocks and 
sensitivities to national waste and energy policies (see Appendix 3). It is 
complementary to: existing flow-sheeting software that focuses on technical 
integration parameters (at device or integrated plant level); existing off-the-shelf 
software packages that model performance of internal processes (e.g. biogas yield, 
emissions results or gasification reactor behaviour). The distinctive feature of the 
tool is that it allows for comparison of the effects of policy in relation to plausible 
scales and desirable environmental performance.     
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 The analysis facilitated by the tool is complementary to the few existing studies on 
waste-to-energy in the UK that focus on one or a combination of two but not the 
three aspects studied as mentioned in the previous point. 
 It concentrates in one piece of work the individual technical characteristics 
(promises and limitations) of the three leading waste-to-energy technologies. It 
then combines them with the analysis of the market failures in recognising the 
macro-economic benefits of the technology.  
 Data from actual plants were used in the techno-economic analysis.  
 It incorporates a targeted study of stakeholder constraints and motivations carried 
out through a stakeholder engagement phase. Insights from the policy review and 
techno-economic analysis were discussed with influential members of energy and 
waste management industries, government and industry associations. This presents 
a unique stakeholder assessment of the prospects for alternative waste-to-energy 
technology. These findings can form the basis for studies on the evolution of 
stakeholder motivations in technology transitions in the overlap of the waste 
management and renewable energy regimes. 
 The contribution of the analysis of the European efficiency criterion to attain 
recovery status consisted in the unique comparison with exergy efficiency 
calculations and with a foreign efficiency-linked incentive to then discuss the 
appropriateness of the current UK support mechanism.    
 The matrix of multi-benefit comparison is in itself a contribution that allows ease 
of review of additional benefits relative to conventional energy generation. A 
further use of the matrix can be the production of time series of the benefits and 
its becoming part of the publically available service of energy statistics after 
inclusion of more data over time. This would make energy efficiency and resource 
effectiveness more transparent from a much broader perspective than waste 
management.  
 
8.4 Recommendations for technology developers  
Given the importance of stakeholder motivations, in addition to recommendations on 
technical performance, a significant part of the recommendations in this section is 
related to integration and stability of the technology.  
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 Concentrate on key technical limitations 
 For anaerobic digestion: Focus on system stability because modest reductions in 
retention times or improvements in yield would be detrimental if they increased 
the possibility of creating too delicate a balance in bacterial populations. 
Concentrate efforts on control and remediation strategies, e.g. to deal more 
effectively with seasonal composition variations in food waste if they arise. 
 For anaerobic digestion: Investigate the standard integration of denitrification 
systems for liquid and fibrous output. Insight into the costs and reliability of the 
step can be useful in anticipating concerns about limited opportunities to use 
digestate (because of nutrient saturation in land).  
 For gasification: Focus the engineering efforts on development and deployment 
the right chemical reactants for gas cleaning, such as sodium bicarbonate. It may 
be safer and more economic to partner with a company specialising on gas 
cleaning for the chemical industry and develop an integrated solution.   
 For gasification: Prioritise the collective stability of the reactor, gas cleaning and 
energy generation stages (CCGT equipment). The first plants will be closely 
observed and it would be wiser to focus on proving the concept than on 
refinements aimed at additional percentage improvements of yields or efficiency 
that could make operation more susceptible to down-time.    
 
Present the benefits of the technology according to targeted audiences 
 Communicate with policy makers or local government officials. Use the benefit categories 
provided in the framework for assessment. It is governments who are concerned 
with macro-economic benefits (positive externalities) and they also set the policy 
framework with the information available to them.  
o In light of increasing prices of conventional energy sources, WtE technology 
will become increasingly attractive from a macro-economic perspective in the 
near term.  
o WtE displaces need for capacity and displaces generation 
o Governments have a duty of care regarding improvements in toxic emissions 
reductions, i.e. lower dioxins emissions from gasification relative to 
incineration because of public health impacts (i.e. health budgets).  The public 
does not understand the differences and WMCs think it is irrelevant as both 
technologies meet statutory emissions limits. 
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o Emphasise that although it is a source of bioenergy, WtE does not compete 
with agricultural land uses. It does not pose ILUC effects or any impacts to 
ecosystem resilience. 
o Feedstock arises as inevitable by-product of activity and its treatment is needed 
anyway to comply with statutory requirements on landfill diversion, GHG 
reduction and renewable energy. One investment serves to meet at least three 
objectives. 
 Communicate with established industrial and waste management companies.  
o The lower heat-to-power ratio of gasification improves the exergy efficiency 
and makes it more flexible in terms of finding suitable locations with heat off-
take 
o Energy efficiency of gasification higher by five percentage points means a 
significantly higher electrical output over the lifetime of the plant. Electricity 
income is one of the main factors of commercial viability 
o Anaerobic digestion and gasification plants can be part of well-designed co-
located facilities amortising project implementation costs and risks whilst 
improving resource effectiveness. 
o Anaerobic digestion faces significantly less opposition than thermal treatments.  
 
8.5 Recommendations for policy 
As part of the energy and the waste management regime, WtE technology is addressed 
in two sets of policy. Convergence has only started to occur through the reviews of 
energy incentives over the last ten years. In addition to the vital role of incentives, 
there is benefit in providing support for other parts or stages of the technology 
transition pathway. 
 
For anaerobic digestion 
 Provide development and demonstration support for plants integrating 
denitrification of post-digestion residues. This is also a problem likely to become 
prominent in several countries that already have a substantial number of plants. 
This could be another opportunity for UK companies.  
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For gasification   
 Provide development and demonstration support for plants integrating gas 
cleaning and combined-cycle gas turbines. Reactors have been demonstrated 
elsewhere in the world, but this configuration is less common. If UK companies 
could provide a gas cleaning solution, that would be a promising international 
opportunity.  
 In the case of special waste streams such as industrial residues or plastics, the 
government can support reactor research to understand reactor stability but also 
increase yields, e.g. of methane and hydrogen gases from different kinds of plastic 
waste.  
 Provide a structure for support of electricity output based on an efficiency-linked 
escalating reward tariff. This has the potential of motivating stakeholders to build 
higher efficiency plants, e.g. using CCGT, as opposed to building gasification 
plants using steam turbines in order to ‘qualify’ for double ROCs. It is 
acknowledged here that although this proposal seems sensible, as has been the case 
abroad, introducing uncertainty in the market through additional revisions of 
policy may not be practicable immediately.  
 Apply caution in the use of carbon-related metrics for support. It was shown that 
concentrating all policy support on reward for carbon abatement relative to a grid 
emissions factor would likely rule out the viability of small-scale gasification. The 
government should preserve the energy output incentives without which the 
benefits of location flexibility for access to feedstock and outputs would be lost. 
This reinforces one of the premises of the thesis about the need to account for 
additional, non-GHG-related benefits of WtE. 
 Make resource effectiveness a higher priority and use the recommended metrics in 
this thesis. The Kaya identity (Chapter 2) represents the components of carbon 
emissions trajectories through measures of carbon intensity. However, it can also 
be applied as a model to calculate material or toxic equivalent intensities of the 
economy. It is a macroeconomic concern to make the most out of available 
resources and funds. The case for support for technology that returns more utility 
to the economy and displaces more extraction of material and fuels can be 
strengthened using this approach. The elements of the extended framework 
proposed in this thesis are a means to ensuring lower carbon intensity in energy 
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use, lower energy use per unit of GDP, and, as an economy, lower intensity of 
non-carbon externalities of energy use.   
 
8.6 Recommendations for further work 
The insights from this thesis can be combined with the following recommendations 
for further work, which can involve collaboration with other disciplines. 
 
 Local conditions have a significant impact on the economic and environmental 
performance of WtE plants. Geographical differentiation to investigate effects on 
performance is an interesting area for research. A way to do that would be to 
incorporate the use of location specific tools with data on assessments of waste 
arisings and composition, seasonality as well as heat sinks and reprocessing 
markets for recyclate. Interaction with the Advantage West Midlands Location 
Analysis Tool (Section 7.2.4) and its data on constraints such as proximity to 
communities, distance to utilities, proximity to areas of outstanding natural beauty, 
would be promising. In that way it could be possible to try to optimise for 
different measures of resource effectiveness: emissions, energy intensity, material 
intensity or exergy efficiency. 
 Generation of scenarios with different penetration levels of all WtE technologies 
including further technology proponent designs and geographically supported local 
constraints (using, again, tools similar to the Advantage West Midlands location 
Analysis Tools) scenarios on and their probabilities of contributing to overall 
energy supply and renewable energy targets. This would require data and 
assumptions on the development of the penetration levels of all generating 
technologies as well as development of overall arisings, composition and residual 
arisings (including the projected effect of future producer responsibility 
regulations). This would involve interaction between the waste management and 
the electricity systems planning disciplines.    
 Analysis in this thesis showed that operational characteristics and abundance of 
feedstock enable WtE to contribute to system reliability, displace fossil fuel-based 
generation and potentially avoid the need for additional fossil-fuelled capacity. 
Quantifying the contribution to stability in terms of capacity credit of several 
waste-to-energy technologies would be an interesting area of further research. This 
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could incorporate interaction with electricity system modellers given the data 
requirements about the performance characteristics of other plants in the system. 
 It would be an interesting area of research to combine data on characteristics of 
the feedstocks, outputs and generation profiles of WtE technologies with those of 
other generators in the UK system to calculate different indices of diversity 
achieved at different penetrations of WtE. This could include considering disparity 
and balance effects.  
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Appendix 1 European waste legislation transposed to the UK 
 
 
European legislation UK transposed legislation 
EU WASTE FRAMEWORK 
DIRECTIVE 2008 
(2008/98/EC 
The ENVIRONMENTAL PROTECTION ACT 1990 
the Controlled Waste Regulations 
Duty of Care and waste carriers Legislation 
LANDFILL DIRECTIVE The Landfill (England & Wales) Regulations 2002 
Landfill Tax Regulations 1996, 
Landfill Allowance Trading Scheme (LATS) 
WASTE MANAGEMENT REGULATIONS 2006 
PACKAGING DIRECTIVE Producer  Responsibility Obligations (Packaging 
Waste) Regulations 2005 
Packaging Waste Recovery Notes (PRNs) 
UK’s Packaging Strategy in 2009.   
WASTE ELECTRICAL AND 
ELECTRONIC EQUIPMENT 
DIRECTIVE (WEEE) 
Hazardous Waste (England and Wales) Regulations 
2005,   Waste Electrical and Electronic Equipment 
Regulations 2006, Waste Electrical and Electronic 
Equipment (Waste Management Licensing)  
Regulations 2006, 
WID  
Large combustion plant 
Industrial emissions 
directive 
Environmental Permitting Regulations England and 
Wales 
END OF LIFE VEHICLES 
DIRECTIVE 
End of Life Vehicle (Producer Responsibility) 
Regulations 2005 
Integrated pollution 
prevention and control 
directive (IPPC)  
1996/61/EC 
The Pollution Prevention and Control (Public 
Participation)  Regulations 2005 
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EU HAZARDOUS WASTE 
DIRECTIVE 
Hazardous Waste Regulations  2005 
EU WASTE OIL DIRECTIVE Hazardous Waste Regulations  2005 
EU BATTERIES DIRECTIVE Waste Batteries and Accumulators Regulations 
2009 
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Appendix 2 Background to stakeholder engagement 
 
Documentation and description of the semi-structured interviews in the stakeholder engagement 
process  
 
A.2.1 List of selected interviewees  
 
Organisation Interviewee 
Somerset County Council Ian Bright 
Department of Energy and Climate 
Change 
Rob Arnold 
Environment Agency Matt Georges 
Department of the Environment Food 
and Rural Affairs  
Nick Blakey 
Waste and Resources Action Programme Patrick Mahon 
Veolia Keith Riley 
Sita Jean-Claude Sartenaer 
Sita Tina Wolter 
Shanks Simon Bailes 
Ecotricity Peter Jones 
BP Akira Kirton 
Environmental Services Association Barry Dennis 
Chartered Institution of Wastes 
Management 
Steve Lee 
Renewable Energy Association Gaynor Hartnell 
Energy Technology Institute Paul Bennett 
Rheinisch-Westfälische Technische 
Hochschule, Aachen, Centre for Material 
Recycling and Processing 
Prof. Thomas Pretz 
Rheinisch-Westfälische Technische 
Hochschule, Aachen, Centre for 
Recovered Fuels Technology 
Prof. Peter Quicker 
Rheinisch-Westfälische Technische 
Hochschule, Aachen, Centre for 
Recovered Fuels Technology 
Dipl. Ing. Yves Noël 
 
A.2.2 Overview of the interview process 
 
This section sets out what aspects were discussed with the different stakeholders as well as the 
significance of their perspectives in the wider context of the thesis.  
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As explained in Section 6.2, the stakeholders interviewed can be grouped into the main 
categories of (i) Government, (ii) waste management companies and technologists and (iii) 
Professional associations or industry bodies.  In addition to the theme-overriding questions 
addressed to each stakeholder group (shown in Figure 6.1), the main aspects that were important 
to study are explained below.  
 
Before each interview, confidentiality of the individual responses was agreed with all participants 
to ensure that they could provide a fuller answer without compromising anybody’s interests such 
as those of members of associations.  It is worth noting that the semi-structured interview 
process is designed to allow for variations and deviations from the interview guide. In practice, 
many questions are obviated through extended answers or the interviewer notices that they are 
irrelevant or inadequate for the interviewee.  
 
A.2.2.1 Governmental stakeholders 
 
Objectives of the discussions and aspects discussed 
It was important to establish the perception of governmental stakeholders of their own stake in 
the deployment of energy from waste. Ascertaining whether they appreciated the cumulative 
benefits across departments was an important first step to frame the discussion. This would 
determine whether the benefits of the technology in helping to achieve policy objectives would 
still need to be made clear to government. In the cases where government departments already 
showed an understanding of potential benefits, it was important to investigate their perception of 
the possibilities to coordinate policy across departments, whether they saw a strong enough 
justification and the barriers to cooperation across departments and their willingness to 
internalise the benefits in their policy domain. In the cases where the benefits were not clear or 
where perceptions of the costs were stronger than benefits, it was important to structure the 
findings in terms of the influence they exert on other stakeholder groups and what would be 
needed to change perceptions about the benefits.  
 
Sample interview guide for governmental stakeholders 
 
1. From your point of view what are the benefits of alternative technologies to obtain energy 
and materials from waste? 
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2. To what extent do you think waste management can contribute to all these principles in the 
next ten years? 
 Climate change 
 Urban air quality 
 Energy security  
 Proximity principle 
 Self-sufficiency of treatment 
 Self-sufficiency of material resource 
 Self-sufficiency of energy 
 
3. Do you think the UK is in danger of missing the landfill directive targets, and if so, can 
energy from waste make a significant contribution? 
 
4. Is the onus of overcoming barriers and developing the industry going to rest largely with 
waste management companies and will they then dictate how the hopes for a resource-
efficient circular economy in the UK evolve? 
 
5. Do you see risks of cartel-like activity shaping the future of the market? If so, does the 
government have mechanisms to address that? 
 
6. Do you think specialised engineering firms have the right incentives to cross-fertilise 
knowledge of both regimes?  
 
7. Do you think the UK is in danger of missing its carbon reduction targets, and if so, can 
energy from waste make a significant contribution? 
 
8. Do you think the UK is in danger of missing its renewable energy generation targets, and if 
so, can energy from waste make a significant contribution? 
 
9. If unable to speak on behalf of government can you tell me what you think personally about 
the following statement:  
 
“Focus on marginal abatement curves to justify support is misguided, we need technology from the future brought 
into the present and we must find ways to accelerate transitions.”  
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10. Do you see a potential to value better the co-benefits in waste management and renewable 
energy generation? 
 
11. Do you think all the right parties are adequately engaged in the process of creating the 
benefits? 
 
12. Do you think public perception of all waste to energy technology is changing? 
 
13. Do you think public perception of alternative waste to energy technology is changing for the 
better? 
 
14. What kind of pressures do you think the end of the PFI initiative will place on the delivery of 
the landfill directive targets? 
 
15. Do you think the right incentives are already in place for industry to invest in merchant plant 
in the right dimensions and with the right timing? 
 
16. What do you foresee to be the effects of the Localism Bill on infrastructure delivery? 
 
17. Do you think landfill tax will either increase to significantly higher levels or eventually be 
replaced by a ban on landfilling of organic matter as in some Scandinavian? 
 
18. What role do you envisage the Renewable Heat Incentive playing in increasing the 
attractiveness of alternative technology? 
 
19. What do you envisage to be the technical, policy and socio-economic pre-conditions for the 
viability of alternative technologies like gasification and anaerobic digestion to be 
compelling? 
 
20. What is the potential for the practical application of industrial ecology principles and their 
contribution to the deployment of alternative technology? 
 
21. What is your appreciation of the incentive provided by ROCs? 
 
22. What role do you envisage energy security concerns playing in increasing the attractiveness of 
alternative technology? 
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23. What role do you envisage resource scarcity concerns playing in increasing the attractiveness 
of alternative technology? 
 
24. In your view, what could be the single most important driver for the viability of alternative 
technologies?  
 
A.2.2.2 Waste management companies and technology providers 
 
Objectives of the discussions and aspects discussed 
The main objective of discussions with industrial practitioners was to establish their perception 
of their own stake in the deployment of energy from waste. Ascertaining whether they 
appreciated the cumulative benefits of renewable energy and waste management was important 
to help understand their interests and constraints. Another important objective was to clarify 
what is either motivating or preventing them from investing in deployment of alternative waste-
to-energy technology. Ultimately they have to follow the opportunities created by the regime-
specific policy incentives. At the same time it was important to establish how they perceive their 
responsibility for their ability to influence policy in the role of infrastructure providers.  
 
The ultimate goal was to provide structure to the barriers and risks that are preventing the 
fulfilment of the potential from deploying alternative technology. A particularly useful intended 
outcome was an understanding of the priority with which the different barriers and risks need to 
be tackled. Finally, the perception of the role of other stakeholder groups and the influence they 
can have on each other was another important information element. Understanding these 
elements would contribute significantly to the knowledge of waste-to-energy industry dynamics 
not documented previously. 
 
Sample interview guide for technologists and waste management companies 
1. From your point of view what are the benefits of alternative technologies to obtain energy 
and materials from waste? 
 
2. Do you think the UK is in danger of missing the landfill directive targets, and if so, can 
energy from waste make a significant contribution? 
 
3. Do you think the UK is in danger of missing its carbon reduction targets, and if so, can 
energy from waste make a significant contribution? 
 
4. Do you think the UK is in danger of missing its renewable energy generation targets, and if 
so, can energy from waste make a significant contribution? 
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5. Do you see a potential to value better the co-benefits in waste management/renewable 
energy generation? 
 
6. Do you think that existing successful configurations are able to realise the benefits or do they 
need to evolve in significant ways? 
 
7. Do you think all the right parties are adequately engaged in the process of creating the 
benefits? 
 
8. Do you think public perception of all waste to energy technology is changing? 
 
9. Do you think public perception of alternative waste to energy technology is changing for the 
better? 
 
10. What kind of pressures do you think the end of the PFI initiative will place on the delivery of 
the landfill directive targets? 
 
11. Do you think the right incentives are already in place for industry to invest in merchant plant 
in the right dimensions and with the right timing? 
 
12. Do you think security of disposal RDF to Germany and the Netherlands will hold in the 
medium term? And what does it mean for the deployment of conventional and alternative 
treatment technology? 
 
13. In your opinion, does EfW output displace marginal or base load generation? 
 
14. What role do you envisage the Renewable Heat Incentive playing in increasing the 
attractiveness of alternative technology? 
 
15. Do you think the reward of the Renewable Heat Incentive should account for the grade of 
heat? 
 
16. Do you think that in the next 40 years with increased effectiveness of international producer 
responsibility and other regulations changing composition and dimension of arisings, there 
will be a more important role for technologies that support smaller and variable scales or 
modular designs? 
 
17. What do you think will be the next step in the investment-divestment process of energy 
utilities  into waste management? 
 
18. If any government department asked you what are the research challenges that ought to be 
funded, what would you say? 
 
19. Do you believe that the waste management industry would benefit from the Regulatory 
Asset Base (RAB) model of economic regulation currently used for water and energy 
networks, which according the Sate of the Nation report (Institution of Civil Engineers), 
could be extended to other infrastructure sectors? 
 
20. In practice, how much of the bottom ash can be taken up by aggregate markets and how 
much goes to landfill?     
 
 254 
 
21. How standardised or even commoditised is separation of Fe and NF metals and do the 
markets respond? Is there enough industry of the right kind in the UK? 
 
22. What do you foresee to be the effects of the Localism Bill on infrastructure delivery? 
 
23. Do you think landfill tax will either increase to significantly higher levels or eventually be 
replaced by a ban on landfilling of organic matter as in some Scandinavian? 
 
24. What do you envisage to be the technical, policy and socio-economic pre-conditions for the 
viability of alternative technologies like gasification and anaerobic digestion to be 
compelling? 
 
25. What is your appreciation of the incentive provided by ROCs? 
 
26. What role do you envisage energy security concerns playing in increasing the attractiveness of 
alternative technology? 
 
27. What role do you envisage resource scarcity concerns playing in increasing the attractiveness 
of alternative technology? 
 
28. In your view, what could be the single most important driver for the viability of alternative 
technologies?  
 
A.2.2.3 Professional Bodies and Industry Associations 
 
Objectives of the discussions and aspects discussed 
The main objective of discussions with industrial associations in both regimes was to investigate 
how the collective voice of companies and professionals has already consolidated its ability to 
influence policy and in what direction. It was important to clarify whether they already know all 
the benefits across waste management, material recovery and energy generation. The 
conversations were important to avoid emphasising the importance of joined-up policy across 
regimes in the case that the actors themselves would not see an advantage of doing so.  
 
Another one of the first aspects to establish was to see whether their perception of required 
policy conditions is compatible with the pre-conditions identified in this research as well as with 
the perceptions of other groups who have a less pronounced mission to represent interests. 
 
As consolidators of influence, it is very important for them to realise what role they could play in 
issues beyond their immediate domain. Also, it was important to find out whether there are 
research gaps in terms of demonstrating the impact of their interactions with other market 
stakeholders. Complementary to that information is the knowledge of the assistance that these 
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groups think they require from other actors to make the proposition of alternative technologies 
more viable. 
 
Sample interview guide for technologists and waste management companies 
 
1. From your point of view what are the benefits of alternative technologies to obtain energy 
and materials from waste?  
 
2. To what extent do you think that WTE policy should by driven by material resource scarcity 
in addition to energetic scarcity? 
 
3. Do you think the waste management and the (renewable) energy industries cooperate in the 
right way to realise the benefits of waste-to-energy technology? 
 
4. How do you think cooperation between the regimes could be improved? 
 
5. Do you think the UK is in danger of missing the landfill directive targets, and if so, can 
energy from waste make a significant contribution? 
 
6. Do you think the UK is in danger of missing its carbon reduction targets, and if so, can 
energy from waste make a significant contribution? 
 
7. Do you think the UK is in danger of missing its renewable energy generation targets, and if 
so, can energy from waste make a significant contribution? 
 
8. Do you see a potential to value better the co-benefits in waste management/renewable 
energy generation? 
 
9. What is the potential for the practical application of industrial ecology principles and their 
contribution to the deployment of alternative technology? 
 
10. Do you think that existing successful configurations are able to realise the benefits or do they 
need to evolve in significant ways?  
 
11. Do you think waste and resource management will have an impact on energy security 
efforts? 
 
12. Do you think waste and resource management will have an impact on the application of the 
Proximity Principle? 
 
13. Do you think all the right parties are adequately engaged in the process of creating the 
benefits? 
 
14. Do you think public perception of all waste to energy technology is changing? 
 
15. Do you think public perception of alternative waste to energy technology is changing for the 
better? 
 
16. What kind of pressures do you think the end of the PFI initiative will place on the delivery of 
the landfill directive targets? 
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17. Do you think the right incentives are already in place for industry to invest in merchant plant 
in the right dimensions and with the right timing? 
 
18. Do you think security of disposal RDF to Germany and the Netherlands will hold in the 
medium term? And what does it mean for the deployment of conventional and alternative 
treatment technology? 
 
19. Do you think aggregates levy in current form can improve the viability of waste-to-energy-
and-materials? 
 
20. In your opinion, does EfW output displace marginal or base load generation? 
 
21. What role do you envisage the Renewable Heat Incentive playing in increasing the 
attractiveness of alternative technology? 
 
22. Do you think the reward of the Renewable Heat Incentive should account for the grade of 
heat? 
 
23. Do you think that in the next 40 years with increased effectiveness of international producer 
responsibility and other regulations changing composition and dimension of arisings, there 
will be a more important role for technologies that support smaller and variable scales or 
modular designs? 
 
24. What do you think will be the next step in the investment-divestment process of energy 
utilities  into waste management? 
 
25. If any government department asked you what are the research challenges that ought to be 
funded, what would you say? 
 
26. Do you believe that the waste management industry would benefit from the Regulatory 
Asset Base (RAB) model of economic regulation currently used for water and energy 
networks, which according the Sate of the Nation report (Institution of Civil Engineers), 
could be extended to other infrastructure sectors? 
 
27. In practice, how much of the bottom ash can be taken up by aggregate markets and how 
much goes to landfill?     
 
28. How standardised or even commoditised is separation of Fe and NF metals and do the 
markets respond? Is there enough industry of the right kind in the UK? 
 
29. What do you foresee to be the effects of the Localism Bill on infrastructure delivery? 
 
30. Do you think landfill tax will either increase to significantly higher levels or eventually be 
replaced by a ban on landfilling of organic matter as in some Scandinavian? 
 
31. What do you envisage to be the technical, policy and socio-economic pre-conditions for the 
viability of alternative technologies like gasification and anaerobic digestion to be 
compelling? 
 
32. What is your appreciation of the incentive provided by ROCs? 
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33. What role do you envisage energy security concerns playing in increasing the attractiveness of 
alternative technology? 
 
34. What role do you envisage resource scarcity concerns playing in increasing the attractiveness 
of alternative technology? 
 
35. In your view, what could be the single most important driver for the viability of alternative 
technologies?  
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Appendix 3 Overview of the spreadsheet tool 
 
Explanation of the operation of the spreadsheet tool 
 
A3.1 Thermal treatment model 
Below is a description of how the spreadsheet was organised by worksheets dedicated to 
a specific purpose. The components of the spreadsheet “ACC-Thermal-Treatment-12-
IC-Library,” as included in the CD in the back cover inside pocket, are described below. 
 
MBT200+ATT100-LT100-£CO2  and  INC200-LT100-£CO2 Sheets 
In the same way as the sheets of smaller scale plant (MBT100+ATT50-LT100-£CO2, 
INC100-LT100-£CO2), these sheets contain the main throughput and energy generation 
calculations to assess project viability. They derive more basic data from sheets with 
similar names without the high landfill tax and price of carbon suffix. The top three rows 
contain key data such as prices of energy products, throughputs and entitlement levels to 
policy incentives to generate results according to scenario. In order to arrive at a 
discounted cash flow to provide financial indicators, costs and revenues have been 
displayed explicitly along columns and years of operation along rows.  Underneath the 
rows of the financial calculations is the calculation for the gate fee. Further down are the 
calculations for the amount of ash that will either be available for sale as aggregate 
(bottom ash) or for expensive disposal at special landfill (fly ash). Further down are the 
calculations of the carbon emissions attributable to carbon contained in transport fuel. 
The net present values were calculated using explicit, manually entered formulae whereas 
internal rates of return were obtained using the dedicated function within Excel. Results 
are displayed underneath the far-right columns.  
These sheets can be used in future research by updating feedstock composition, capital and 
operation costs, gate fees and change the policy scenarios to assess viability under new 
conditions.  
 
Emissions Sheet 
This sheet retrieves data from cells in the plant performance sheets described above. It 
consolidates transport and thermal treatment emissions by plant or plant compound type.  
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Emissions and profit Sheet 
This sheet incorporates the effect on plant appraisal of including the displacement of 
fossil fuels for electricity and heat generation. Data are taken from the lower part of the 
plant performance analysis sheets. 
 
Scenario sums Sheet 
This sheet synthesises data from all plant performance sheets into the key indicators of 
economic and environmental performance. This summary forms the basis for Table 4.20 
in the thesis. 
 
Sensitivity Sheet 
This sheet uses data from the financial calculation sheets to perform the sensitivity 
analyses. It includes the two scales of incineration and the two scales of gasification with 
change intervals for discount rates, gate fees, capital expenditure, price of electricity and 
support for electricity.  It can be used in future to adjust the intervals of changes in the 
discrete variables and assess impacts, although the proportion of the main sensitivities 
may not very significantly. 
 
A3.2 Anaerobic digestion model 
Below is a description of how the spreadsheet was organised by worksheets dedicated to 
a specific purpose. The components of the spreadsheet “ACC-Anaerobic-Digestion-12-
IC-Library” are the following. 
 
Scale-up calculations sheet 
This sheet sets out the cost elements based on national average conditions considered in 
the compilation of scaled-up case studies. The sheet then calculated the marginal scale-up 
cost curves based on the summation of the gradually-scaled cost elements such as: 
variable and fixed elements of logistics as well as production costs.   The sheet contains 
the scale-up figure that shows the optimal scale for national average conditions under the 
assumptions and dependencies set out in the thesis.  
The sheet can be used in future research to produce new marginal cost curves. As more 
information becomes available about all types of costs, demographic changes that might 
change the density of food waste arisings, new figures can be readily obtained. 
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Scale certainty up, Scale certainty down, Sub-urban scale range and Urban scale range sheets 
These sheets follow the same method as the previous one and incorporate the costs 
increases and decreases that could change viability at different scales in urban and sub-
urban settings.  
 
Optimal scale – 20%, Optimal scale and Optimal scale + 20% Sheets 
These sheets contain the main throughput and energy generation calculations to assess 
project viability.  
The top three rows contain key data such as prices of energy products, throughputs and 
entitlement levels to policy incentives to generate results according to scenario. In order 
to arrive at a discounted cash flow to provide financial indicators, costs and revenues 
have been displayed explicitly along columns and years of operation along rows.  
Underneath the rows of the financial calculations is the calculation for the energy 
generation potential.  
The net present values were calculated using explicit, manually entered formulae whereas 
internal rates of return were obtained using the dedicated excel function. Results are 
displayed underneath the far-right columns.  
These three sheets can be used in future research by updating feedstock composition, capital 
and operation costs, gate fees and, using the cells labelled policy options, change the 
policy scenarios to assess viability under new conditions.  
 
Results summary sheet 
This sheet presents a table of results after modifying the pervious sheets according to all 
possible permutations of policy scenarios and scales.  It can be used in future research by 
drawing new table further to the right every time underlying market conditions evolve to 
make the cross-scale, cross-policy effects over time explicit.. 
 
Heat sensitivity sheet 
This sheet was used as a static basis with all the conditions necessary to show the 
additional effects of heat incentives and various prices of heat. These two parameters can 
be changed along the top three rows. The basic assumptions correspond to the optimal 
scale and to policy scenario 4.   It can be used in future research by adjusting the economic 
conditions of heat supply and support. 
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Finance graphs Sheet 
This sheet takes individual feeds of results to generate figures corresponding to the 
scenarios and cases. It serves to keep separate manipulation of results and generation of 
table-linked graphs to allow for experimentation without losing previous views of results. 
 
SensAn Sheet 
This sheet uses data from the financial calculation sheets to perform the sensitivity 
analyses. It includes the three scales with change intervals for discount rates, gate fees, 
capital expenditure, price of electricity, heat incentive and support for electricity.  It can be 
used in future to adjust the intervals of changes in the discrete variables and assess impacts, 
although the proportion of the main sensitivities may not very significantly. 
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Appendix 4 Sensitivity of the optimum scales 
 
Illustration of the changes in cost that determine the ranges of certainty of the optimum scale 
under various conditions  
 
A4.1 National average conditions 
 
Lower-end estimate under national average conditions 
Reduction in overall logistics costs of 30% due to the extreme probability of all the following 
reductions occurring simultaneously. In terms of variable elements, higher number of small 
family households, higher arisings and density of food waste as well as improved logistics 
routines. In terms of fixed elements more efficient waste transport vehicles, fuel switching to 
imported gas, simultaneous collection of other materials like recyclables which could go up in 
future. 
 
Reduction in overall production costs of 8% due to improved equipment and higher efficiency 
through better management. With larger production costs reductions the point of minimum total 
costs starts occurring at smaller scales. Thus this shows that it is unlikely that, under the 
assumptions and dependencies studied here, the optimum scale would be larger than 37 ktpa 
under national average conditions.   
 
 
Figure A4.1 Lower-end cost estimates influencing optimum scale in national average conditions 
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37 ktpa 
 
Upper-end estimate under national average conditions 
This calculation shows the extreme case that all the following increases would occur 
simultaneously.  Increase in logistics costs of 28% in terms of variable elements. For instance, in 
the absence of fuel switching or vehicle upgrades the assumption is that fuel costs are more likely 
to increase considerably than to decrease. Trends registered by DECC (2012) indicate that over 
the life of a plant an increase similar to this assumption seems plausible. In terms of fixed cost 
elements, an increase of 28% due to modest improvements in vehicle efficiency being 
overwhelmed by maintenance and other fixed cost increases. 
Increase in production costs of 12% assumed to be due to difficulties in dealing with digestate, 
higher material costs, mainly metals, and depressed gate fees owing to high competition. It was 
observed that calculations with slightly higher production costs, under these increased logistics 
costs, would shift the minimum total costs point towards a slightly higher scale. Thus this shows 
that it is unlikely that, under the assumptions and dependencies studied here, the optimum scale 
would be smaller than 26 ktpa under national average conditions.   
 
 
Figure A4.2 Upper-end cost estimates influencing optimum scale in national average conditions 
26 ktpa 
 
A4.2 Sub-urban conditions 
 
Lower-end estimate under sub-urban conditions 
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This shows the extreme case that all the following reductions would occur simultaneously. 
Reduction of logistics costs of 25% in terms of variable elements, such as higher number of 
small family households, higher arisings and density of food waste and improved logistics 
routines. Reduction of fixed logistics costs of 20% due to better vehicles, fuel switching to 
imported gas, simultaneous collection of other waste streams like recyclables which could 
become more common in future. 
Reduction of production costs of 8% due to higher efficiency through better management. It 
was observed in calculations with larger reductions in productions costs that the point of 
minimum total costs starts occurring at smaller scales. Thus this shows that it is unlikely that, 
under the assumptions and dependencies studied here, the optimum scale would be larger than 
23 ktpa under national average conditions. 
 
 
Figure A4.3 Lower-end cost estimates influencing optimum scale in sub-urban conditions 
23 ktpa 
 
Upper-end estimate under sub-urban conditions 
This shows the extreme case that all the following increases would occur simultaneously. 
Increase in logistics costs of 32% in terms of variable components in the absence of fuel 
switching or vehicle upgrade the assumption is that fuel costs are much more likely to increase 
considerably than to decrease. Trends registered by DECC (2012) indicate that over the life of a 
plant an increase similar to this assumption seems plausible. An increase of 32% in fixed 
components due to modest improvements in vehicle efficiency being overwhelmed by 
maintenance and other fixed cost increases. 
Increase in production costs of 12% due to difficulties in dealing with digestate, higher material 
costs, mainly metals, and depressed gate fees owing to high competition. 
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Figure A4.4 Upper-end cost estimates influencing optimum scale in sub-urban conditions 
17 ktpa 
 
A4.3 Urban conditions 
 
Lower-end estimate under urban conditions 
Reduction in logistics costs of 30% in variable components such as higher number of small 
family households, higher arisings and density of food waste and improved logistics routines. In 
terms of fixed elements a 25% reduction due to better vehicles, fuel switching to imported gas, 
simultaneous collection of other materials like recyclables which can become more common in 
future. 
Reduction of production costs of 10% due to higher efficiency due through better management.  
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Figure A4.5 Lower-end cost estimates influencing optimum scale in urban conditions 
42 ktpa 
 
Upper-end estimate under urban conditions 
Increase in logistics costs of 32% in variable components under the assumption that in the 
absence of fuel switching or vehicle upgrade fuel costs are much more likely to increase 
considerably than to decrease. Trends registered by DECC (2012) indicate that over the life of a 
plant an increase similar to this assumption seems plausible. An increase of 32% also in fixed 
cost components due to modest improvements in vehicle efficiency being overwhelmed by 
maintenance and other fixed cost increases. 
An increase in production costs of 13% is assumed to be due to difficulties in dealing with 
digestate, higher material costs, mainly metals, and depressed gate fees owing to high 
competition. 
 
 
Figure A4.6 Upper-end cost estimates influencing optimum scale in urban conditions 
31 ktpa 
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